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ABSTRACT

This project is a general study of Stochastic Differential equations driven by a
fractional Brownian motion of Hurst parameter H > 1/2. Sections 3,4 and 5 follow
the lines of [I6] in order to define a stochastic integral with respect to the fractional
Brownian motion and then, discussing the existence and uniqueness of solutions.

The sixth section is a general discussion about Malliavin calculus with respect to
the fractional Brownian motion that will be useful in sections 7 and 8. Moreover, in
section 6 we prove that by reinforcing the conditions on the coefficients, we obtain
absolute continuity of the law of the solution in the same way as it is done in [14].

Section 7 is the application of the Malliavin calculus in order to bound the density
function of the solution to a specific type of equations by using a general method
constructed in [12].

Finally, section 8 is devoted to show all the work we weren’t able to finish during the
elaboration of this thesis. We decided to attack the problem of bounding the density
of a general family of stochastic delay differential equations. The approach given in
[12] turned out to be inefficient, so we decided to follow the same approach as in [1],
[10] and [15].
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1. INTRODUCTION

In a broad variety of disciplines, such as physics and finance, one deals with the
problem of having a system of objects (which can be particles in the phisical context
or stocks in the financial context) and trying to understand the evolution of a certain
magnitude associated to this objects as time evolves. For instance, in finance, the
people working in markets try to study the evolution of the price of a stock at time t,
say S;. The classical tool to capture continuous time dynamics is differential equations.
However, when the dynamics of the magnitudes are contaminated with noise or can’t
be predicted, a probabilistic approach is needed in order to cover this problems.

In the beginning of the 20th century, authors like Albert Einstein, Marian Smolu-
chowski and Louis Bachelier started working with dynamical systems whose evolution
law is driven by a standard Brownian motion B = {By;t € [0,T]}. This studies mo-
tivated the mathematical community to study differential equations in which a term
driven by a Brownian motion is added. This equations are the so-called Stochastic
Differential Equations driven by a Brownian motion. From the 2000’s on, the frac-
tional Brownian motion B gained popularity. Several numerical studies show that
this process is a better driving noise in some situations.

In this project, we study the differential equations driven by a fractional Brownian
motion with Hurst parameter H > 1/2 from several points of view. In the first place,
we consider equations of the form

t t
(1.1) X = xg +/ o(s, X,)dB? —i—/ b(s, Xs)ds,
0 0

and the objective is giving sense to this new stochastic integral and, once this integral
has a proper meaning, we study the existence and uniqueness of solutions. This first
part does not require a lot of stochastic machinery, since we will use a deterministic
approach. More specifically, we will use the generalized Stieltjes integral, introduced
by Zéhle in [20]. In order to define this generalization of the Stieltjes integral, we
will make use of fractional integrals and derivatives. This is not the only possible
approach to equations like . Indeed, the work of Terry Lyons in 1998 in the paper
[T1] started the so-called Rough Path Analysis. This new theory is useful to study
differential equations driven by rough functions, understood as functions with finite
p-variation for p > 1 or ~-Hélder continuous functions for v € (0,1). The second
objective is studying the equations from a probabilistic point of view by exploring the
law of the solution of this equations. To do so, we will use basic techniques of Malliavin
calculus. The third objective goes in the same lines as the second objective. Under the
same conditions for which the solution X; is absolutely continuous with respect to the
Lebesgue measure, we would like to go a bit further and give Gaussian bounds for the
density function of X; using more advanced Malliavin calculus techniques than in the
study of the existence of the density function.

During the elaboration of this project, me and my advisor Carles were working on
a research problem; we wanted to give Gaussian bounds for the density of solutions
of Stochastic delay differential equations Driven by a fractional Bronwian motion. In
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the last chapter of this project, we present some of the work that has been done and
the difficulties we faced. The problem of finding bounds is not solved yet due to some
mistakes of the paper we were using as a reference.

2. MOTIVATION AND OBJECTIVES

As it has been explained in the introduction, stochastic differential equations are
powerful tools in order to model phenomena evolving randomly in continuous time.
From the 2000’s on, the fractional Brownian motion has gained a lot of popularity,
specially in finance, due to the numerous numerical studies giving evidence of how the
models that use a fractional Brownian motion are a significant improvement.

In this thesis, however, we will discuss this equations from a theoretical point of
view, rather than an applied point of view. In order to study the properties of this
equations, we must be able to talk about existence and uniqueness of solutions. Then,
we will use the Malliavin calculus to give properties of the law of the solutions to this
equations. The main objectives of this project are:

1. Stablishing a result of existence and uniqueness of solutions under mild condi-
tions of the coefficients.

2. Studying the Malliavin calculus in the fractional Brownian motion setting, re-
lating the Malliavin differentiability of stochastic differential equations with the
Fréchet differentiability of deterministic differential equations.

3. Understanding how the Malliavin derivative, the divergence operator, and the
Ornstein-Uhlenbeck operator give us information about the law of the solution
of the SDEs driven by a fractional Brownian motion. Moreover, we give a closed
formula for the density function of the solution.

4. Since the formula for the density of the solution provided by the Malliavin
calculus is not very accessible, we want to develop methods to bound the density
function by Gaussian-type functions.

5. Extending the objective 4 to stochastic delay differential equations driven by a
fractional Brownian motion.



3. BACKGROUND AND PRELIMINARIES

In this section, the objective is to state and define basic concepts of stochastic
calculus that will be useful throughout this thesis. Most of this results are covered in
a basic course about stochastic calculus or stochastic processes.

Definition 3.1. Let I be an arbitrary set. A stochastic process X indexed by I is a
collection of random variables {Xy; t € 1}.

Definition 3.2. Let {X;; t € [}be a stochastic process. For each w € ), the map
tel — Xy(w) €R is called a sample path of X.

In this project, I = [0,7] for some T" > 0, so the sample paths are curves. In
general, studying the regularity of the paths of a process is difficult. However, we got
this result that helps us studying the sample paths

Theorem 3.3 (Kolmogorov’s Continuity Criterion). Let {X;; t € [0,T]}be a stochas-
tic process. If there exist « > 1, B > 0 such that

E(|X; — X |*) < Ot — s|"*7,
then, almost surely, the paths of X are vy-Hélder continuous with v € (0 B).

o
In the same way we can determine the law of a random variable or a random vector,
we are interested in giving some sense to the "law” of a stochastic process.

Definition 3.4. Given a process {Xy; t € 1}, we define its finite dimensional dis-
tributions as the family of probability laws of the random vectors (Xi,, ..., Xy, ) for all
tioothel, k> 1.

Given a process X, if we are optimistic we can find its finite dimensional distribu-
tions. An interesting question is if the reverse is true, i.e. given a family of probability
laws P, ., can we find a process X such that the law of (X3,,..., X}, ) coincides with
Py, .17 The following result is an answer to this question

Theorem 3.5 (Kolmogorov’s Extension Theorem). Consider a family of probability
laws

P=A{P, +; t1,...t, €0, 7]}
such that

o P, . is a probability in RF.
e ]f {til7 e 7t7:m} C {t17 Tt 7tk} then? ‘Ptil,.“,t'

m

is the marginal law of Py, . 4, .

Then, there exists a process X such that its family of finite dimensional distributions
s IP.

In this project we will focus mainly on one special kind of processes named Gaussian
processes. We say that X = {X;; ¢t € [0,7]} is Gaussian if the family of finite
dimensional distributions of X are Gaussian distributions. To justify the existence of
such processes, we can apply Kolmogorov’s Extension Theorem in the following way:
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Let K : I x I — R be a symmetric and non-negative function. Fix t1,...,t; €
I. Denote by I' the matrix I' = (K (t;,t;))1<ij<k and Py, 4 ~ N(0,I"). For each
{ti,. .., t;, } we have

AXy, .., X)) = (Xe,, - - D

where
5t1,ti1 T 5tk,tz‘1
A= .. .. ..
6t1,tim T 6tk7tim
The vector (X, ..., Xy, ) follows a Gaussian law with 0 mean and covariances

matrix AI'A”. Moreover,
ATAT = (K (ti,, ti,)1<rs<m-

So Kolmogorov’s Extension Theorem hypothesis are satisfied.

This result also shows us that every Gaussian process X = {X;; t € I} is completely
determined by a mean function p(t) = E(X;) and a covariance function I'(s,t) =
Cov(Xs, X3).

3.1. Fractional Brownian Motion. From all Gaussian processes, this project has a
special focus on the fractional Brownian motion. This process is a natural generaliza-
tion of the standard Brownian motion, and there exist evidences that it is indeed a
better tool for some mathematical models.

Definition 3.6. A centered Gaussian process B = {BH;t € [0,T]} is called a frac-
tional Brownian motion (fBm) of Hurst parameter H € (0,1) if it has the covariance
function

32H +t2H - |t - S|2H

2

(3.1) ['(s,t) = E(BfB?) =

From this definition, we can deduce some properties:
Proposition 3.7. Let {BE t € [0,T]} be a fBm, the following properties hold:

(1) E(|Bff — BE?) = |t — s|* and therefore BY has stationary increments

(2) if H > 1/2, the increments of BY are positively correlated, whereas if H < 1/2
the increments of B are negatively correlated. As a consequence, if H # 1/2,
the increments of BY are not independent

(3) BE has the same law as a' B

(4) BY has continuous paths.

From this last proposition we can only make sure the continuity of the paths of B.
As mentioned before, if we want to study the stochastic integral with respect to B
as a Riemann-Stieltjes integral, continuity is not enough.
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Lemma 3.8. Let p, ¥ : R — R, be continuous and strictly increasing functions
vanishing at 0 and such thatlimge, ¥ (t) = co. Suppose that ¢ : R — E is a continuous
function with values in a separable Banach space (E,|| - ||). Denote by B,(xq) the ball
of radius r centered at xqy. If

oo L)

holds, for all t,s € B,(xq), then
[t—s| . 4d+17
ot = ol <s [ vt (5 ) st

where A\g 18 a universal constant depending only on d.

Now, we got a process B = {BH; ¢ > 0} with values in (R, |-|) (which is a separable
Banach space) and E(|B}! — B |P) < Cy|t — s[P". Therefore, we can take ¥(z) = 2%/
m+2
and p(x) = 2™ with 0 <m < pH — 1 and we obtain
|\B — BH|P < Ot — s|™T.

Moreover, the explicit expression of I" is

B~ BEp
re [

Since I' < 0o and last inequality holds for all p > 2, we conclude, by using p = 2/ and
m+2 = 2H /e that for all ¢ > 0, for all 7" > 0 there exists a random variable I'. 7 such
that

|Bf — BI| <T.r|t—s|"¢ Vs,te[0,T].

In fact, I'. 7 has moments of all orders because

|BH BH|2/£
// it — s2H/e ————dsdt.

This proves that the paths of BY are 7- Holder continuous of order H — ¢ for all
0<e<H.

4. FRAMEWORK

The standard Brownian motion has some properties that make studying the process
or the differential equations driven by a Brownian motion a (relatively) comfortable
experience. Even though the fractional Brownian motion may seem a slight gener-
alization of the standard Brownian motion, we lose the martingale property and the
independence of increments. This two properties, in case of the standard Brownian
motion, are key to develop a stochastic integral in the sense of Ito, which is a well-
known approach to define a stochastic integral. Facing the lack of this properties, the
next most natural approach to define a stochastic integral with respect to the fractional
Brownian motion is defining it pathwise. The classical Stieltjes integral turns out to
be too restrictive for our case, so a generalization of this integral is needed. In this
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project, we will use the generalized Stieltjes integral introduced by Zéhle in [20]. To
develop this integral for the fBm, we need that the paths of the fractional Brownian
motion are regular enough (Ho6lder continuous) to be an integrator. This integration
theory allows us to ensure that if u = {u:;t € [0,T]} is a stochastic process with a.s.-7-
Holder continuous paths where v > 1 — H, then the integral in the generalized Stieltjes
sense fOT u;dBF exists pathwise. A classical and pioneer version of this result can can
be found in [I9]. We will consider this integral when we work stochastic differential
equations when H > 1/2. In the case H < 1/2, existence and uniqueness of solutions
of this equations cannot be ensured for any H in this range. A suitable approach in
order to study the existence and uniqueness of solutions for this equations is using
Rough Path theory (see, for example, [5]).

The generalized Stieltjes approach introduced in [20] relies on fractional integrals
and derivatives. Therefore, a study of these operators on suitable function spaces is
needed in order to proceed with the stochastic differential equations.

4.1. Fractional Integrals and Derivatives. Let a,b € R with a < b. We denote
by LP(a,b), p > 1 the space of Lebesgue measurable functions f : [a,b] — R for which
[ f1|zr(ap) < 00, Where

b » 1/p
£ 112 a) = (1 @Paz) ™, 1<p <o,
ess sup{|f(z)|:z € [a, 8]}, p=o0.

Definition 4.1. Let f € L'(a,b) and o > 0. The left-sided and right-sided fractional
Riemann-Liouville integrals of f of order o are defined for allmost all € (a,b) by

O A
and
e A
respectively.

Notice that since (a,b) is an interval with finite measure, the previous definition
also works for any f € LP(a,b) with p > 1. We denote by I, (LP) (resp. I3* (LP)) the
image of LP(a,b) by the operator I, (resp. I;").

Definition 4.2. Let f € LP(a,b) and o € (0,1). We define the rght-sided and the
left-sided Weyl derivatives of f as

D¢, f(z) = N 1_ 2 ((mf—@a?)a + a/: %dy) Lo p) ()

e D f@) @) - f
D110 = g (s o e ) tent@)

and
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It is not obvious from the definitions that these operators behave as derivatives or
integrals, but indeed they do. Despite the Weyl derivatives are global operators (unlike
the classical derivatives, which are local) they satisfy the semigroup property and they
are also the inverse of the fractional integrals. The main properties that these operators
satisfy are the following:

Proposition 4.3. This operators satisfy the following porperties:

(1) The Riemann-Liouville integrals converge absolutely almost everywhere.
(2) If a <1/p, and q = £ then

15.(17) = (L") € L¥(ab).
(3) If « > 1/p and o — 1/p ¢ N then
19 (L) U IR (LP) € C* P (a,b).
(4) The operators I$, and If* have the semigroup property, i.e.
1007 =120 (resp. with If").
(5) The following inversion formulas hold:
ILDa ()= f, Vel (L),

and

Dg+[g+(f) =f Vfe Ll(@a b)'
(resp. with I and Dy ).
(6) The operators Dy, and Dy have the semigroup property, i.e.

DngDfJr = D7 (resp. with DY),
(7) The following integration by parts formula is satisfied
b b
| Pes@saids = (-1 [ f@)D; gla)d
for f eI (LP), g € Iy (L9) with 1/p+1/q=1.

In order to prove this proposition, we need the following result.

Theorem 4.4 (Hardy-Littlewood theorem). If 0 < a < 1, 1 < p < 1/« then the
fractional integration operator I, is bounded from LP(a,b) to Li(a,b) with ¢ =p/(1 —
ap).

Proof. Can be found in [I8§]. O
Now we can prove the proposition.

Proof.
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(1) We will only see the convergence for I, (f) because the I;* (f) case is completely
analogous. Notice that if we are able to proof that ||/ (f)|[r1(ap) < 0O We are
done, because this means that

m({z € (a,b) such that I, (f)(z) = oo}) =0,

where m denotes the Lebesgue measure in (a,b). Notice that

L)1, ()] < / "o — ) f )y,

(@) - 1112 ()l 22 // — )" £ (y)ldyda
// 0)*| f(y) drdly
/|f

<C(a,b, a)||f||L1 ab)>

SO

where C'(a,b,«) > 0 is a constant depending on «, a and b. Not only does this
show that I, (f) is finite almost everywhere, but also that I is a bounded
operator from L!(a,b) to L'(a,b).

(2) In order to prove that I (LP) = I;* (L?), it is enough to notice that RI$, =
If* R (as operators), where R is the operator Rf(x) = f(a +b — x). Now,
I¢ (L) C L9(a,b) is a consequence of the Hardy-Littlewood theorem [4.4]

(3) First consider the case « — 1/p < 1. Consider z, x + h € (a,b). Then, we got
12 (F) @ + ) — I8 (F)(@) = I + o, where

1

h-r | et h— ) )y,

I - ﬁ / =)™ — (@ — )" ) F(y)dy.

On the one hand,
11| < CR% || fl| Lo (an)-
On the other hand,

r—a

1/p
1 h ,
L] < D@ % || fl] Loan) (/ 227 = (2 4+ 1) 7P dz) :
0

where p’ is the conjugated exponent of p. If x —a < h, we can estimate the last
expression by

L] < Clow, £, )| fllo@nh® .
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If z —a > h, using that |2* — y*| < |u|(z —y)y*! when 2 >y >0, p < 1 and
(A+ B)YY < AVP' 4 BYY we got:

| L2

z—a 1/p

1 , h ’
<lelron e | [Pt @epae s [ 1 - a4y
I'(a) 0 1

—a

_ © 1/p/
<H90||Lp(a,b>ha_1/p e <a_z>pde]

IN())
[ll] l/p/
pller@b) a1y (a—2)p
< he—HP + Pd
I'(a) e (/ Z)

:HSOHLP(a,b)ha_l/p e o= 1=1/p]
F(Oé) 3 4 h
!l ze(ab) ; an R i
—PIIEAen) pa-1/p
F(O{) 03+C4 T —

Sca| |SO| |LP(a,b) ha—l/p7

because - < 1 and 1 —a+1/p > 0. If « — 1/p > 1 and it’s not a natural
number, then & —1/p = k+ o where k € IN, o € (0,1). In this case, notice that

L)) = L) @),

and we can apply the work previously done. In the case of I;' is analogous.
(4) It can be proved by direct computations.
(5) Can be found in [I§].
(6) To prove this, we will make use of the inversion formulas. Let ¢ € LP(a,b) such
that I8 (¢) = f. Let 1 € L?(a,b) such that I°(¢)) = f. Then we got

D3+DB f= D Dij&(@/}) = D2‘+

Now, 137 () = IerIgjr(cp), so I¢, (¢) = ¢. Plugging this in the last equality,
we got
or¥ = D Ig(¢) = ¢ = DO (f).
(7) If we suppose that both integrals are finite, then by defining ¢, € L?(a,b) such
that 13 (¢y) = f and ¢, € L9(a,b) such that I (p,) = g, we need to prove

that ,
/awm o = ( /f 2)py(

This identity follows from direct computations using the definitons of I3, and
I;* . The only thing left to do is justify that both sides of the equality are finite,
but this is immediate using Holder’s inequality.
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O

4.2. Generalized Stieltjes Integral. We have all the tools to define the generalized
Stieltjes integral. The objective now is to define the integral of f with respect to g
using fractional calculus. Let f(a+) = lim.jo f(a + €) and let g(b—) = limo g(b — €)
(supposing that this limits exists). We define the functions

fa+(l‘) = (f($) - f(a—i_))]l(a,b)(x)a
g () = (9(x) — g(b=))L(ap)(2).
Definition 4.5. Suppose f, g are functions such that f(a+),g(a+) and g(b—) exist,

far € I2.(LP) and g, € I,=*(L?) for some p,q>1,1/p+1/¢<1,0<a < 1. Then,
the integral of f with respect to g is defined by

b b
(4.1) / fdg = (—1)“/ D2, fur () D= gy—(2)dx + fla+)(g(b—) — g(a+)).

First, let’s check that this is a good definition.

Proposition 4.6. Under the same assumptions as the last definition, the generalized
Stieltjes integral (4.1) is well defined in the sense that it takes finite values and does
not depend on the value of a.

Proof. The only part that needs to be checked is f D, for(x )D{~“g,_(z)dx because
we are assuming that f(a+), g(b—) and g(a+) exist (and they obviously don’t depend
on a). Let f = D%, fur(x) and § = D;"“gy—(z). By the inversion formulas, we got
that f € L”(a,b) and § € Li(a,b). By Holder’s inequality,

b
‘(—1)0‘/ D3 far (@) Dy=%gs— ()| < || fl|Lo@m 91| 0.

where p’ is the conjugated exponent of p. Since 1/p+ 1/q < 1, we got ¢ > p’ and
therefore L%(a,b) C L” (a,b). This implies ||g|| . (ap) < o0 and therefore, the integral
is well defined (in the sense that it takes finite values).

To see that the definition does not depend on «, consider «, § two different indices.
We can assume = « + h and consider f and g satisfying the hypothesis of the
definition for both indices. Then, since f(a+), g(b—) and g(a—) do not depend on «,
we only need to check the property for the integral:

(—1)e+h / D f, () DI gy (2)da
/ D (D2 fun) (@) DIy (2)da

=(=1* D 1 far () Dy (D= gy ) ()d
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as desired. 0
This definition can be simplified in some cases, as it can be seen in the following
proposition.

Proposition 4.7. If we consider the hypothesis of the definition [{.5 and we assume
ap <1, we got f € I (LP) and

/a fdg = (-1 / D2, f(2) D= gy (2)da.

Proof. Since we are in the hypothesis of the definition, f, € I$, (L?), so if we want
to prove that f € I3 (LP), it is enough to see that f(a+) € I, (L?) because fo4(x) +
fla+) = f(x). If we define

Pfat)(7) = I _fo(jz; )_ ek

one can check that ¢,y € LP(a,b) (because ap < 1 and I3 (¢at)(z)) = flat)).
Now, we will define the following functions:

e We define ¢y as one of the functions in LP(a, b) such that I$, (¢s) = f.
e We define ¢y, as one of the functions in L”(a,b) such that I¢ (pr..) = far-
Notice that

[3+<90fa+) = Ig—l—((pf) - [g—i-((pf(a—&-))‘
e We define ¢,, as one of the functions in L%(a,b) such that I}~*(¢,, ) = gp_.

Using that the Weyl derivatives are linear, we can write the Stieltjes integral as

[ g = (-0 [ (D2@) - D3 (at)a) Dt ()

The objective is, therefore, showing that

/ D2, f(at)(@) DI g, (x)dx = — f(a+)(g(b-) — gla+)).

Applying the inversion formulas, we got that the last expression is equal to
(=1)° /b flat)
d
Ti—a) )y (o —ap o D%

= fla+)1,~%(pg,_)(a) = fla+)gs—(a+t).

This last equation concludes the proof, because

go-(a+) = glat) — g(b—) = —(g(b—) — g(a+)).
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In [18] it is proved that, given 0 < a < 1/p and (¢,d) C (a,b), the restriction
of f € I¢, (LP) to the interval (c,d) belongs to I (LP(c,d)). Reciprocally, if we got
f eI (LP) and we consider the extension of f as

s {f(as) z € (c,d),

0 otherwise.

we got that f € I2 (L”(a,b)) for all (c,d) C (a,b). As a consequence, if f €
I, (LP(a,b)), g € I,~*(L4(a,b)), (c,d) C (a,b) then the following integrals coincide

/ fdg = / Lew fdg.

4.3. Fractional Sobolev spaces and useful estimates. The class of functions fow
which the generalized Stieltjes integral is well defined is very broad. In this section, we
will introduce fractional sobolev spaces, which will be the suitable spaces of functions
to study the differential equations. From now on, we will focus on the interval [0, T]
and « € (0,1/2). For a function f : [0,7] — R, we will use the following notation

alp L) = f(s)]
AF(f) = f)] + ; st

Definition 4.8. We define the space Wy"°(0,T) as the space of measurable functions
f:00,T] = R such that
[ fllao := sup AY(f) < oo.

te[0,7

Let’s recall the definition of Holder spaces. We denote by C*(0,T) the space of
measurable functions f : [0,7] — R such that

£y = HfHLoo(o,T) + sup W < 00.

0<s<t<T

We also introduce the following Sobolev spaces

Definition 4.9. We denote by W' (0,T) the space of measurable functions f : [0,T] —

R such that
1f(s)] 1f(s) = f(y)]
I f 1] 3:/0 / / —S_ ) dds < 0.

From this definition, it is clear that W>°(0,7) ¢ W'(0,T).

Definition 4.10. We denote by W%_a’oo(O,T) the space of measurable functions g :
0,7] — R such that

— w lg(t) — g(s)] "lgly) — g(s)| -
oo = o (G [ ) <

It is important to know the relation between the fractional Sobolev spaces and the
Holder spaces. The relations are summarized in the following proposition.
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Proposition 4.11. For all € > 0,

Cl—a—i—a(o7 T) C W;«_Q’OO(O,T) c Cl—a(07T) C W(?uOO(QT).

Proof.

o C1=0+5(0,T) C W%_O"OO(O,T): Consider f € C'7*"¢(0,T). On the one hand,

56 = FO _ O = FO e e o OO
(s = (e ) ST s G <o
This implies

sap LO=TON

o<s<i<T (t—s)t@

On the other hand,

/ /) = FGs) / /) MJ gy

s)| / !
< su —s5)°d
_0§5<P<T t—Sl a+5 Y
t
<. suyp HO-T6)]

o<s<i<T (t—s)lmote’

Taking supremums, we conclude that || f||1_a,0c0c < 00.
o W} *®(0,T) C C*=*(0,T) The only thing that we need to prove is that

/£ (0,m) < o0

In fact, if we see that supgc, <7 |f(t) — f(s)] < oo we are done. This follows
from the following inequalities

’f(t) . f(S)’ _ |]E§t)_;){<i)| (t o S)l—a S Tl—a sup |f(t) - f(S)’

o<s<t<r (t—8)t—

Then, taking supremums we got that

sup | f(t) = f(s)] < oo = || f[|Lee(o,r) < o0
0<s<t<T

o C172(0,T) C Ws"™(0,T): Take f € C'=*(0,T). The only thing that we need
to prove is that

1f(t)
d < 0.
0<t<T/ (t—s) O‘H
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By direct estimates, we got

/|ft—sa+1 /|ft—310‘( 5 ds

< sup ’f—1|/ )"2*ds
o<s<t<T (t—8)17

<Cpo sup LW =IO

o<s<t<T (t—s8)l7
Taking supremums, we got the desired result.

O

The reason to define this spaces is the following. Notice that the norm of f €
We1(0,T) is greater than the L'(0,T) norm of Dg, (f), so W*(0,T) C I¢ (L*(0,T)).
Moreover, the restriction of f to (0,t) belongs to I, (L'(0,t)) for all 0 <t < T. In a
similar way, if g € W}~ *>°(0,T) then g € I}Z*(L>(0,T)) and the restriction to (0, t)
belongs to I-_“(L>(0,1t)).

This means that for any f € W*1(0,T), g € W *>(0,T), t € [0,T] we got the

following equality
t T
/fdgz/ fLondg
0 0

/:fdQZ/thdg—/osfdg-

For convenience, we will define the following operators:

_ /0 f(s)ds
/ £(5)dg(s / D, f(s)DI=g,_(s)ds.

In order to prove the existence and uniqueness of solutions to differential equations,
we will use a fixed point argument, which is a standard praxis. Hence, it is going to
be very convenient to have good estimates of F;(f) and G¢(f) in terms of some norm

of f.
Proposition 4.12. Let f € W"*°(0,T). The following properties hold:
(1) The function G(f) belongs to C*=*(0,T) and we have

Moreover,

AXG()) < corrl|9]]1—oo / (t = )72 1) AL(f)dr,

G(f)]l1—a < Ca7T||9||1—a,OO||f||a,OO'
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(2) The function F(f) belongs to C*(0,T) and, moreover,

! s
M) < con [ AL
E(Nlaoo < Carl[fllo=01)-
Proof.
(1) Let’s define the quantity
hal) = Ty S 1D 00 (9)] < e Mol
We got

G(f) = Gs(f)] =

[ 7

- / D§+f(T)Dt1—_a9t—(7“)dT
SAa(g) (/ |f7f—§)|d’l"_|_a/ /7‘ %ddr) |
In particular,

G < Aal@)Fllan < A9l a0l [t
On the other hand,

/t Gi(f) — Gs(f)
0 (-5t
o [ o ([ 10 d+//|f_ 0 ) a

coria[ e [ [ U]

< ¢ ]Il —ace ( [ t“)A?(f)dr) .

Putting together both estimates and taking supremums we get the desired in-
equality. The only thing left to see is that G(f) € C'=*(0,T). From the previous
inequalities we got that

[ s <nato) [ (15 +are [ L)
Al o

this implies that G(f) is Holder continuous with parameter 1 — v and it is also

bounded, so G(f) € C'~*(0,T).

(1VvaT).
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(2) The fact that F(f) € C'(0,T) follows from the fundamental theorem of calculus.
Now, doing some computations we deduce

F () < / F()lds < TIIfllz=).

[ DDy < [ ([0 s

By changing the limits of integration and integrating first with respect to s we

have

Joining this estimate with the bound of |Fy(f)| we get the first inequality. For
the second one,

and

t
sup A7 (F(f)) < sup Ca,THfHLOO(O,T)/ (t —s)"%ds < Corr|| fll poc0 -
0<t<T 0

0<t<T

O

We have the stochastic differential equations in mind, so it’s time to add hypothesis
on the coefficients of the equations. Consider the following hypothesis on the functions
o,b:[0, 7] xR — R:

(Hy): o(t,z) is differentiable in = and there exist some constants 0 < £,0 < 1 and
for every N > 0 there exists My satisfying

|o(t,x) = a(t,y)] < Molz —yl,
(Hy) : § 10:0(t,x) = a0 (t,y)| < Mylz —yl°  |a], [yl < N,Vt € [0, 7],
lo(t,z) — o(s, )| + |0,0(t, ) — o (s, )| < My|t — s|? Vo € R,Vt, s €[0,T).

(Hy): There exists by € LP(0,T), p > 2, and for every N > 0 there exists Ly > 0
such that

() b(t, ) — b(t,y)| < Lnlz —yl, |zl ly| < NVt € [0,T],
"N bt )| < Lolz| 4+ bo(t) Vz € R,V € [0,T).

Definition 4.13. Let o, b: [0,T] x R — R satisfying (Hy) and (Hz) respectively. Let
g € Wi *(0,T) and let f € W*>(0,T). We denote by G° and F® de functionals

o (f) = / o(s, £(5))dg(s),

R = [ ¥ s(s)as

As we did for G(f) and F(f), we would like to find estimates for this new operators.
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Proposition 4.14. Let 0 < a < 1/2, f € W;"*(0,T). Leto, b: [0,T]xR be functions
satisfying hypothesis (Hy) and (Hsy) respectively with f > o and p = 1/a. Then, G°(f)
and F°(f) belong to C1=2(0,T). Moreover, we get the following estimates

(i)
(i)

NG (N)l1—a < Aal@)C A+ | ]ao)-

167 (Pln < Z329) (1 417110,

)\1 2a
where

[1fllan = sup e AZ(f).

t€[0,T]

(i) If h € W™(0,T) such that ||f||r=r), ||hllLem < N, then there exists a
constant C'y depending on N, f, g, h such that VA > 1

1G7() ~ GE )l < %(1 FAU) + AR ~ e
where

oy [ s0E,
r€(0,T] T - S oz-‘,—l

1F* (N)lh-a < e+ [[fll=@1))-

(iv)

() c
1E* (Dl < 1oz @+ 11le)
(vi) If h € W§"™(0,T) is such that || f||Leo1), |||z, < N, then there exists a
constant Cy depending on o, T, Ly such that VA > 1,

IF*(f) = FP(W)llap < 22 I1f = Pllan.

)\1 «
Before proving the proposition, we need an auxiliary result.

Lemma 4.15. Let 0 : [0,7] x R — R be a function satisfying (Hy). then, for all
N >0 and |z1], |z2|, |23], |z4] < N we have

lo(t1,x1) — o(ta, xa) — o(t1,23) + o(t2, 24)]
<Mo|z) — 29 — 23 + 24 + Mo|2) — 23|t — 1]°
+My|zy — 23] (Jor — 22|’ + |25 — 24]°) .
Proof. Applying the mean value theorem we get

O'(tl,.’l/’l) — O'(tQ,ZEQ) — 0'(t1,[L'3) + O'(tg,l’4)

_ / (21 — 25)0s0 (b1, €)d — / (25 — 22)0,0 (12, €)dE
0 0

1 1
- / (21 — w3 — 3+ 24)9u0(ta, €)dE + / (11 — 23) (0,0 (11, €) — Dyt €)dE.
0 0
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Bounding using (H;) we get the desired estimate. O
Now, we are ready to prove Proposition |4.14]

Proof. Let f € W"(0,T). First, notice that from the properties of o we got that if
feWy(0,T) then o(-, f()) € WOO‘OO(O T). Indeed o(t, f(t)) is clearly bounded and

t
/|J t)—sagi ) <]\/[/ 6a1d3<oo

because f > «. Taking supremums we got that the last integral is bounded by a
constant depending on 7, « and (. By reproducing the estimates of last proposition,
we get that G7(f) € C'7%(0,T). Doing a similar procedure for F’(f) we got that
F*(f) € C'=*(0,T). Let’s prove all the items of the proposition.

() Is direct because of the bounds of o.
(#7) Using the definition of ||-||,,x and the estimate of ||G(f)||a,x given by proposition
4.12] we have

G (F)]|ax
aAa -\t ! . 72a , |U f’f’ - f8)| )
<caMo(g) sup e /O(t T) < r, f, |+/ dr

t€[0,T]

SCaAa(g) sup e/\t/o (lf N r>—2a +r @ <1 + ’fr| —l—/[; %ds) dr.

t€[0,T]

Now, we got

t t
eM/ (t—7r)" 2 +rdr :/ e e M ((t — )72 T dr
0 0
This leads to

cal\a(g) sup e_’\t/o (t—r) 2> 4 <1 + | £+ +/0 %ds) dr

te[0,7)

_ ' —Ar _—A\(t—-7)(,.—2a o\« ' |fT—f5| > )
=coMa(9) sup}(/0 e e AT (pm2e () )<1+]fr]+/0 (r—s)aﬂds dr

tel0,T

t
<cala(g)(L+ || f||ax) sup / e_A(t_r)(r_Qa + (t—7)"*)dr.

te[0,7] J 0

Observe that

t t
/ e M ((t— )T p TN dr = / e (T2 4 (t— 1)) dr
0 0

1 At
= / e (P2 4 YA — ) )dr
0

<aet (/ e "r2dr + sup/ e "(z— r)adr) = c AL
0 z2>0 J0o
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So, if we write all together, we end up with
1G7(Nllar < CA(GNTHL A+ [ fl]a)-

HGJ(f) - Ga(h)Ha,)\ < Aa(.g)CmT sup G_At/o ((t — 7“)_20‘ + r_o‘)x

te(0,7)

x (IU(T, f(r)) = alr, h(r)) |1+

. /r |O'(7", f(?")) — 0'(8, f(S)) — O'(T', h(’f’)) + U(Sa h(8>)d8> dr.

|r — s|ott
Applying the lemma [4.15] we can show
|o(r, f(r)) = o (s, f(s)) = a(r, h(r)) — o(s, h(s))|
<Mo| f(r) = f(s) = h(r) + h(s)| + Mol f(r) = f(s)[(r = 5)°
+Mylf(r) = h(r)[(|f(r) = F(S) + [h(r) = h(s)]°).

Therefore,
JEEERORIZGELEC
‘74 |a+1
f(r +h M, Y
<y [P =L Fo )~ ol
+My|f(r) = h(r)|[(A(f) + A(R)).
Joining everything, we deduce
Ao(g)C
167(F) = G (W)lar < 5D (14 A () + AR Al
(iv) We got
|EP(f) — Fo(f |</ |b(r, ydr</ Lol f(r)| + bo(r)dr
<(t = 8)Lol| fllzor) + (t = ) [boll L1/o 0,17
< (TLol|fll o) + ool 1170 0,)) (8 —5)' 7,
and

F* () o0,y < Loll fll oy + T Mbol | 17001y

This proves that there exist a constant ¢ depending on 7" and « such that

IE*(P)lh-a < e+ [ fll=o)-
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(v) Because of proposition we got
b HE(f ) FY(f)] "b(s, £(5))|
R+ | ds < cur [ : s

(t _ )a—i—l t— S)a—H
" Lo| f(s)| + bo(s)
SCQ’T/O (=5 ds

<cur (2o [ ALas ([ =9 0a5) bulsveon

|f(s)] 1—a)\® 1-2
<cqrL ————ds + ¢, b oot
SCa,T 0/0 (t — s)a Ca, T 11— 20 1ol |1/ (0,T)

Hence,

t
— S
HFb(f)HOt,)\ SCO&,TLO sup e )\t/ |f( )|ad3
te[0,T] 0 (t — S)

1—a)\“
» b o 7)\tt1720{
v (55 ) Il s o

<o Lol (1 —a) sup e [f(s)] + X** 7' Carp,-
$€[0,T

Now, A¥1 < A\?@=! because A > 1, so we can take common factor of the last
estimate to get

1E(Nllan < carsX® HL+ [ fllan)-
(vi) Again, by proposition we are lead to

— s h)

A

te[0,T)

By the Lipschitz property of b we can easﬂy deduce an estimate:

|b(s, — b(s, h(s))]
Cor SUD € / t—s) ds

t€[0,T
(s)
<cqrLN sup |f
t€[0,7) (t—s)

S)\ailca’TLNF(l — Oé)”f — h”a,)\-

O

5. STOCHASTIC DIFFERENTIAL EQUATIONS DRIVEN BY A FRACTIONAL BROWNIAN
MOTION

The study of the differential equations driven by a fractional Brownian motion that
is presented in this project follows closely the same lines as [16], that is, we will first
stablish an existence and uniqueness theorem for deterministic equation and we will
translate the result to the stochastic case.
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5.1. Deterministic differential equations. The study of the generalized Riemann-
Stieltjes integral allow us to study (deterministic) differential equations driven by
Holder continuous functions. We have in mind studying differential equations with
respect to the fractional Brownian motion, so thanks to the fact that the sample paths
of the fractional Brownian motion with Hurst parameter H > 1/2 are Holder contin-
uous of order H — ¢ for all € > 0, a result of existence and uniqueness of solutions to
deterministic equations will immediately give us a result of existence and uniqueness
of equations driven by a fractional Bronwian motion. From now on, we will use the
notation f; = f(s) for any deterministic function f. The setup is the following:

Let 0 < a < 1/2 and let g € W, *(0,7). We want to study the following
differential equation:

t t
(5.1) T = X —|—/ o(s,zs)dgs —|—/ b(s,xzs)ds, te0,T].
0 0

As mentioned, we want to study the existence and uniqueness of solutions to this
equations. In order to accomplish our objective, we assume that o and b satisfy (H;)
and (Hsy) respectively, with p = 1/a, 0 < ,§ < 1. Moreover, we will restrict the
parameter « to

1 o
O<oz<040:§/\ﬁ/\1—+5.

The general strategy to prove existence and uniqueness of solutions to differential
equations goes through a fixed point argument. The difficulty resides on how to ap-
proach in each case the fixed point problem. In our case, we will make use of the
following result:

Lemma 5.1. Let (X, d) be a metric space and dy, dy,dy some metrices in X equivalent
tod. If L: X — X satisfies:

(i) There exists ro > 0, xg € X such that if By = {x € X;dy(xo,z) < ro} then
L(By) C By.

(ii) There exists ¢ : (X,d) — [0,00] lower semincontinuous function and some
positive constants Cy, Ky such that denoting N,(a) = {z € X;¢(z) < a}
(a) L(By) C Ny(Cp).
(b) di(L(z), L(y)) < Kodi(x,y), Yo,y € Ny(Cy) N By,

(iii) There exists a € (0,1) such that

do(L(x), L(y)) < ady(z,y), Vz,y € L(By).

Then there exists ©* such that L(x*) = z*.

Proof. Let’s consider the iterative sequence {xz,;n > 1} defined by
Tp1 = L(z,), neN.

If we start with xg € By, then z, € L(By) for all n > 0. Moreover, since L(Bj) C
N,(Cp) we also got that z,, € N,(Cp). By definition of the sequence and item (i) we
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got
d2(xn+17$n) S ad?(xnaxn-i-l) S e S and2($17$0)'

This implies

n

d?(ajn-i—pa xn) S 1a dZ(xlalé) — 07 n — o0.

—a
Since X is complete and By is closed, x,, — x* in all metrics d; because they are all
equivalent by assumption. Moreover, using that ¢ is lower semicontinuous, we got
o(x*) < Cp by taking limits. This implies, by item (ii) that

d1<£($n), ,C(ZE*)) S K(]dl(xn7x*) — 07 n — oo,

meaning that £(z*) = z*. O

Now we are ready to state and prove the existence and uniqueness result.

Theorem 5.2. Equation(p.1) has a unique solution x € W3>°(0,T). Moreover, this
solution is (1 — a)-Hélder continuous.

Proof.

FEzxistence: We will use the previous lemma to prove it. Consider the operator
L:W=(0,T) — W(0,T) given by

v =L(u) = 20+ /'a(s,us)dgs + / b(s, us)ds

0 0
=10 + G (u) + F°(u).

Observe that L(W3°(0,T)) € C'=*(0,T). Moreover, since C'=*(0,T) C W <(0,T))
we can think, without loss of generality, that the operator £ is defined from W;">(0,T)
to itself and has C'=*(0,T') as an invariant subspace.

We have
£ la < |20l + |G (@) ar + [[F*(w)]|a.
By proposition [4.14]
1£(w)|lax <lwol + CAa(@)N**TH L+ [Julapn) + campX®* ™ (1 + [ullan)

C
<laol + (1 +[[ullap) 7755

If we let A big enough such that CA?*~! < 1/2 then, if ||ul|lan < 2|zo| + 1 implies
||£(w)||a,x. Hence, if we define
By = {u € W5"(0,T) such that ||u||ox < 2|x| + 1},

then £(By) C By and the first hypothesis of the fixed point lemma is satisfied (we used
the metric given by the norm || - ||,,x). In order to check the second hypothesis of the

fixed point lemma, we need a function ¢ lower semincontinuous such that £(By) C
N,(Cp). We have

L@ h-a < [0l + (1 + [[ul| L= 0.1)) + Aa(g)C (1 + [[ul]a,00)-
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Since
[ullaoo < 2(1 + |ao] )

and ||u|z~01) < ||t||a,00, We have

L(uW)[h-a < K
for some constant K. With this,
|L£(u (u)s’
A = sup / ds
( rel0,T7] 7’ - S a+1
K —a)d
< sup / ds
rel0,T] T - 5 a+1
0—a(140)
g T
d—a(l+9)
=K.

We also have
1£(w) = L(©)[[ax < IG7(1) = G7(W)lan + [[F*(w) = F*(v)]|a-
Since 1+ A(u) + A(v) > 1 and A*>~! < A\?*~! because A > 1, one has

[1£(w)=L(0)]ax < AICQ (14 Au) + Av)[[u = vl]an.

Now, consider ¢(u) = C1(1/24+A(u)). We claim that ¢ is lower semicontinuous. To see
it, it is enough to see that A is lower semincontinuous, and this is direct from the fact
that for every u € W3 (0, T) and for every {u,;n > 1} — w in W;"*(0,T) then the
convergence also holds uniformly and by Fatou’s lemma, proving that liminf,, A(u,) >
A(u) is immediate.

Define Cy = Cy(1/2+K). By previous computations, ¢(L(u)) € N,(Cy). Moreover,

1+ A(u) + A(v) = o(u) + ¢(v) = %ﬁo(v)v

SO
2C,
1£(w) = L(v)[[an < Al—_gallu = 0l

In particular, for A =1,
1£(u) = L{v)[lar=1 < 2C0[lu = vl]a =1,

so the second hypothesis of the fixed point lemma holds for the metric given by ||-||a. =1

We can choose also )\ so that
2C,

/\/1—2a S

1
2
and hence,

1
Sl = lla:

[1£(w) = L(v)]]ax

IN
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so the third hypohtesis of the fixed point lemma holds for the metric given by || - ||a.x -
In conclusion, there exists a function x € W"*(0,T') such that

t t
T = T +/ o(s,xs)dgs + / b(s, xs)ds.
0 0

Uniqueness: Let x,y be solutions, and let N = max{||z||1—a, ||y||1-a}. We have
||| 2o 0,7)5 [[¥l|2oo(0,7) £ N. Moreover

[l = yllan < 11G7(2) = G7(W)llap + [[F(2) = F*(y)]]ar-
We can bound the last quantity by

)\17204 )\1704

In the proof of the existence, we have seen that we can bound A(z) and A(y) by
constants that do not depend on x nor y, so making A — oo we deduce that ||z —y||ox =
0 and, hence, the solution is unique. 0

e = yllon < (Mu T A) + Aly)) + 2 ) e = yllon.

Even though this is a good result because it gives us the existence and uniqueness
of the equation ([5.1]), we can’t directly extract information about the behaviour of the
solution as it evolves with time. In order to get a notion about the growth, we shall
include an extra hypothesis on o:

(Hs): There exists v € [0, 1] and Ky > 0 such that
lo(t, )| < Ko(1+ |z|7), VzeR,tel0,T].
To do so, we need the following Gronwall-type lemma.

Lemma 5.3. Fiz0 < a <1,a,b>0. Letx:[0,00) — [0,00) be a continuous function
such that for all t,

¢
r < a-+ bt"/ (t —s) s Yzyds.
0

Then,
= (b0(1 — a)tt—o)n
< al'(1 < ad, N ASEAY
r <a ; D) 1_@))_a exp{c }

Proposition 5.4. Suppose that o and b satisfy the hypothesis (Hy) and (Hs) respec-
tively. Suppose also the growth condition (Hs) on o. Then, the unique solution of (/5.1])
satisfies

H33| ’01,00 S Cl exp{CQAa(g)K}7

where
= =1
R=90> 15 T <<l
ﬁ, 0<fy<12a.
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Proof. Since x is solution, we can write it as z; = xo + G7(z) + F{(z). From the proof
of proposition 4.12| with s = 0 we have

|Gy (@
(/ |07“x,, / |07’x,,— st)|dsd7")
(r — s)«
</ |0 r, )| / / lo(r, z,.) — o (T)|_q;)|a+(z“ ,Ty) — 0(8’x8)|d5d?”)
14 |a:r aMytP—atl
(K M// r—>) de”w—a)(ﬁ—aH))
<CA.(g) ( (mp += / —(chr S)fjlds) dr)
: _
<CAL( ( (|$T|7 + ria /’” —(lxr ;)filds) dr)
) _

because T~ > 1 for all r € (0,¢]. We also have, due to proposition

' G7 () - GY(x)
/0 dr

(t — 7’)0‘“

lo(r, z,)] "o(r,z,) — o(s,xs)] u
SCAa(g)( i (t—r%‘d r+ =5yt (t —s)"dsdr |,

which, using the hypothesis (H;) and (Hg) yields
[ Gt =Gt
0

(t —r)ott

<CA(9) (1 + /0 t (% +(t—r) /0 T —<|f:;>iids) dr) .

Similarly, for F*(x) we have

|Ftb($)|+/ |Ft (I)_fox)ldT

|b(r, 1—a\” %
(/ (t— d ot |\ 10, o[l /e omy
|b(7“793r)| )
<C 1+/ dr
( o (t—1)e

Now, define
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Since z is solution, 7; = x + G¢(z) + F?(x), so we can bound h; as

ot Gl [ =

(t —r)ott (t —r)ott

b < [oo] + 167 @) + [F¥@)| + [
0

and, since the bounds an these quantities depend on v, we will conclude the estimates
by doing cases on ~y. Actually, we will see that we can get an estimate of the form

he < C(14 As(9) (1 + /Ot((t — 7)) 4 r“)hrdr> .

On the one hand, if v = 1, we have
ht 5(1 +Aa<g))x

1+ /0 (|:1:T|(7‘_°‘ + =7+t —1r) )+

+(r - (t—1r)") /Or %ds) dr] )

Since 1+ (1= 7)1 (0= 7)™ S 77 (0 )7 and (1) S T ) we

have
he <1+ Au(g)) (1+/0t(ra+(t—r)2a) (|xT|+/OT %ds) dr)

S(L+Aa(9)) <1 + /Ot(r—a + (t— r)—Qa)h,,dr) .

X

For £=2¢ < o < 1, write § = vy and apply Hélder’s inequality to get

t ’x | t v t 1=y
—dr = (/ ]xr\r_adr) (/ r(a_‘s)/(l_”d?") .
o T 0 0
Now, using that a” <1+ aif a > 0 and v < 1 we have
t t
/ Md?“ﬁC’(l—l-/ md?”).
o T o T

For the other terms, take any e(y) > 1+ % and we apply Holder’s inequality with
exponents p = 1/, ¢ = p/(p — 1) and write §' = £(y)7y to get

¢ | | \x | v t I—y
/ Ldr < | — (g / (r — 8)(—2a+5/)/(1—7)dr
o (E=r) = \(t—r)"/ 0 ’

and again, using that a” <1+ a if @ > 0 and v < 1 we have

t t
|xr’ / ’xr|
- < 1 [ L .
| s (1 ) g
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Joining the estimates, we are lead to

he S (14 Aa(9)) <1 + /Ot((t — )= 4 r“)hrdr> .

Finally, if 0 < v < 222 we can choose £(y) = « and, by the same procedure as the

last case (using Holder’s inequality but this time with 6 = ¢’ = ay) we conclude that

he < (1+Au(g)) (1 + /Ot((t —r) 4 T_a)hrdr) .

Observe that in this setting, we can apply the Gronwall type lemma. Indeed, if

o< O (o)) (14 [ (6= o),

then

hy <C(1+ Au(9)) (1 + /t(t — r)_emr_gm [re(vy) + (t — T)E(V)re(w)_a]hrdr)

t
<C(1+ Aa(9)) (1 + O / (t— r)_E(V)T_E(“Y)thr) :
0

This implies
hy < O exp{Cot(1 + Aa(g))V =Y < Oy exp{CotAy(g)/ I,

Since sup;epo. 71 ~(t) = [[]|a,00, We have
[[#]a00 < Cr exp{CyTA4(g)" =V},
Renaming the constants, we have proved the desired result. 0]

5.2. The Stochastic case. Consider a fractional Brownian motion B¥ = {BH:t ¢
[0,7]} with Hurst parameter H € (1/2,1) defined in a probability space (2, F, P).
Thanks to all the work done in the deterministic case, we can give sense to an expression

of the form .
/ u,dBY
0

for some suitable u. Once we check that this integral can be understood as a pathwise
generalized Stieltjes integral we will be able to apply the theorem of existence and
uniqueness to this kind of equations. First, recall that
E(|B{" — B]']?) = |t — s*"".

So, for any p > 1,

E(|Bff = BI|")"" = [t — s/
because Bf — BH is Gaussian with mean zero and variance |t — s|. One necessary
property of B we need in order to define

t
/ u dB?
0
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is that BY € W, *>(0,T) almost surely for some . In order to check that this
property holds, we have the following lemma:

Lemma 5.5. Let BY be a fractional Brownian motion of Hurst parameter H € (1/2,1).
Let a € (1 — H,1/2). Then B € W;~“(0,T) almost surely.

Proof. We know that for all ¢ > 0 and T" > 0, there exists a random variable I'; 7 such
that

B — B| < Dot — |,
This in particular implies that the paths of B belong to C#~¢(]0,T]) for all € > 0.
Consider then 2¢ = H 4+ o — 1. With this particular € > 0 one has

C=¢(0,T) = C*=**(0,T).

Since C'=*+(0,T) € W, *>(0,T), we obtain the desired result. O

This means that, for a stochastic process u = {u;;t € [0, 7]} whose paths belong to
Wel(0,T) for a € (1 — H,1/2), then the integral

t
/ u dB?
0

exist. Moreover, if the paths of u belong to W;">°(0,T") then the integral has Holder
continuous paths of order 1 — . Thanks to this, we can now consider the following
problem.

Problem: Given B = {Bl;t € [0,T]} a fractional Brownian motion with Hurst
parameter H € (1/2,1) and X, a random variable, find if there exists a unique solution
of the equation

t t
X, =X, +/ o(s, X,)dBH +/ b(s, X,)ds
0 0
In order to solve this problem, we will strongly use the deterministic results. Consider
the set of hypothesis (H;) and (Hz) and let
1 o
==ADN——=
Q=5 NN
Theorem 5.6. Suppose that Xy is a real valued random variable and o, b satisfy
hypothesis (Hy) and (Hs) with § >1—H, § > + — 1. Then,

(i) Ifa € (1—H, ) and p > 1/, then there exists a unique stochastic process X
with paths in W5 (0,T) solution to

t t
Xt:X0—|—/ a(s,Xs)dBf—ir/ b(s, X,)ds
0 0

and, moreover, X (w) € C*=%(0,T) almost surely.

(ii) Moreover, if the assumption (Hs) is satisfied, o € (1 — H, o9 N (2 — 7)/4),
p>1/a, Xo € L>®(Q) and the constants My, Ly, Ko and the function by are
independent of w, then the solution X satisfies

E(IX|0) <00, ¥p=>1.
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Proof.

(7) Follows directly from the deterministic theorem.
(74) In order to apply the second part of the deterministic theorem, we need to check
that the random variable

G = Ao (B") = sup |D;=“(B/)|

[(1 — a) o<s<t<t
has moments of all orders. This is because then, we will have
E([|X|[60) S E(exp{CpG"})

and this last expression would be finite as long as k < 2. Now, notice that

T(a) \ (t—s) @ ), s )

Now, for ¢ = (H + a — 1)/2 we know that B has Holder continuous paths of
order H_, so the last expression turns to

—a T 7] ol t .
|Di=*(Bf1),| < F(OS (t = s)i=tot 4 [ (p = g)Heot2gy)

Hence,

D= *(B{"),| <

1 —a
E (m sup D~ (B£)5|) S E(|Torf?) < oo,

0<s<t<t

so we have all the conditions to conclude that
E(|| X5 ) < oo
O

6. MALLIAVIN CALCULUS FOR STOCHASTIC DIFFERENTIAL EQUATIONS DRIVEN
BY A FRACTIONAL BROWNIAN MOTION

The Malliavin calculus, also known as the stochastic calculus of variations, extends
the classical integral and differential calculus to random variables and vectors. This
allows us to give a notion of differentiability very related to the Fréchet differentiability
that can be applied in order to study the regularity of solutions of stochastic differ-
ential equations. Moreover, one of the most powerful appliactions of the Malliavin
Calculus is the study of the properties of the law of random vectors. Indeed, we will
see that if a random variable F' is differentiable in the Malliavin sense and it satisfies
a non-degeneracy condition, then the law of F' is absolutely continuous with respect
to the Lebesgue measure. Hence, by adding extra hypothesis on the coefficients of the
differential equations driven by a fractional Brownian motion, we will conclude that
the law of the solution is absolutely continuous with respect to the Lebesgue measure.

We will follow the same scheme as in [14], using as well some tools from [13]. As it is
discussed in this references, the Malliavin differentiability is intimately related with the
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Fréchet differentiability. Hence, in the same way as proving existence and uniqueness
of solutions, it is convenient to first study the deterministic case.

6.1. Fréchet differentiability for deterministic differential equations. In the
last chapter, we proved the existence and uniqueness of the differential equation

¢ ¢
(6.1) Ty = To —I—/ o(s,xs)dgs +/ b(s,xs)ds, te€[0,T]
0 0

for g € Wy *>®(0,T), 0 < a < 1/2, and the coefficients ¢ and b satisfying (H),
(Hy) and (Hj). Moreover, we saw that the solution = belongs to W (0,T) (it is, in
fact (1 — «)-Hélder continuous). Notice that, if we fix the coefficients and the initial
condition xg, equation (6.1)) defines an operator

x Wy *%(0,T) — Wg>(0,T)
g9 = x(g)
where x(g) is the solution of equation (6.1)) for that specific g. Our next objective is
studying the differentiability in the Fréchet sense of this operator x. As it is natural,

the conditions to get existence and uniqueness of solutions are not enough to ensure
the differentiability of the solution. Hence, we have to add new hypothesis on ¢ and b:

(Hy): o(s,x) and b(s,z) are C3(R) in the second argument and. Moreover, there
exists C' > 0 such that

~max _ sup ([|0L0(s)]| o) + [1026(5) || Le(m)) < C-
4,7=0,1,2,3 s€[0,T)

In other words, o, b are C3, and both functions together with their partial derivatives
with respect to z are uniformly bounded in s € [0,7]. Under this hypothesis, we will
be able to prove the differentiability. First, we need the following lemma

Lemma 6.1. Let x be the solution of (6.1). Assume o,b satisfy (Hy). Then, the
operator
F W5 *®(0,T) x W0, T) — Wg>>=(0,T)
defined by
t t
F<h7 x)t =Tt — To — / b(S, Is)ds - / U(Swrs)d(gs + hs)
0 0

is Fréchet differentiable and, for any (h,z) € Wy (0, T)x W (0,T), k € Wy “(0,T)
and v € W;">°(0,T) we have

DyF(h,z)(k), = —/0 o(s,zs)dks,

¢ ¢
DyF(h,x)(v)y = vy — / O0:b(s, x5)veds — / 0.0 (s, z5)vsd(gs + hs),
0 0

where Dy stands for the derivative with respect to the first argument and Dy stands for
the derivative wih respect to the second argument
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Proof. The proof of this lemma goes over several steps

e Step 1: Proving that F' is continuous: Consider (h,z), (h,Z) € WL *(0,T) x
Ws°(0,T), then notice that

t t
F(h, ‘%) :jt — Xo — / b(S, js)ds - / 0-(57 js>d(gs + hs)
0 0

t t t
i — 1 — / b(s, ) — / o(s,2)d(gs + he) + / o(s,2)d(hs — ).
0 0 0

Hence,

Fh, ), — F(h, &) =24 — &1 — /0 (b(s, z3) — b(s, #))ds

_/0 (0<37is) - 0(3, Z%s))d(gs + hs) - /0 U($>j5)d(hs - hs)

Using the triangle inequality we have

3
[F(h, x) = F(h, T)||ac0 < |J2 = Z[|ao + ZNh
i=1
where

/0 (b(s,zs) — b(s,Ts))ds ,

-

)
@,00

Vo= | [ totsi) ~ ots, 2000, + 10

N3 =

/ta(s, is)d(hs — hy)
For Ny, we use proposition to derive the fol?oovzing estimate
N1 <Cor|[b(s, z5) = b(s, @) ||a00

<Car|02b(s, )| |2 = F[|a,o0

<Co,T0,5()||Z — 00

=:C4||z — %] 0,00
Again, using proposition [£.12] on Ny we get

N < Cairllg + hll1-aello(s,,) = 0(5,74) oo
Using lemma {4.15| with t; =ty = s, xr1 =2, r3 = T and 9 = x4 = 0 we get
lo(s, 25) — o (s, Zs)l]ac0

<)10:0(8)|lz |7 = llaoe + 1020 ()|l = Ellaco (120,00 + 11Z]]2,00)
<O+ |2l 00 + [1Z]fa.c0) 1 = Elaso0

=:Co||z — #]vo-
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For N3 we use proposition to obtain
N3 S Ca,THh - il||1—a,oo||0<57 5)3)”04,00-

Since o is a Lipschitz function in space, we can write |o(s,zs)| < |o(s,0)| +
[|0:0(8)|| 1 |xs]. This inequality allows us to derive the estimate

N3 SC(l + ||‘%||a00)||h - ﬁ”l—a,oo
:KQHh— ﬁ“lfa,oo'
If we define K; := 1+ C1 + Cs, we have
() = (b, )llame < Kulle — #llae + Kallh = Blli-ame,

which proves the continuity of F'.
Step 2: Checking that Dy F' and Dy F' are continuous: On the one hand, notice

that for all k € W, “°°(0,T) we have
t
/ o(s,zs)dks
0

S Ca,THO—(Sa xs)”oa,oonHl—a,oo

Hmmm@wmmz\

a,00

Then, using proposition we have

t
‘ / o(s,xs)dks
0

Now, we have that |o(s, zs)| < |o(s,0)| + ||0.0(5)|| e |7s|. Plugging this in the
last inequality, we have

HU(Saxsma,OOHkHlfa,oo < CHkHlfa,oo

Hence, Dy F'is continuous. With a similar argument using proposition and
the properties of b and o, we conclude that

|D2F(h, 2)(0)]a.00 < Cllv]|aeo

,00

This implies that Dy F' is continuous as well.

Step 3: Checking that Do F and Dy F' are the Fréchet derivatives of F': Recall
that Dy F(h,z) is the Fréchet derivative of F' with respect to h if for every
k€ W5 *®(0,7T)

|1E(h+ k@) = F(h,z) = DiF(h,2)(k)|[a.00 < CIIKI}

1—a,00

for some 0 > 1 But this is direct from the fact that
F(h+ k,x) — F(h,x) = D, F(h,z)(k).
For Dy F we have to check that for all v € W;">°(0,T'), then
(2 + ) — F(h,) — DaF (b, 2)(0)llae < Cllofle
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for some 0 > 1. By doing the computations, we have
F(h,z+v); — F(h,z); — DoF (h,z)(v);

t
:/ (b(s,xs) — b(s,xs + vs) + 0:b(s, x5)vs)ds
0

t
+/ o(s,xs) —o(s, x5+ vs) + 0z0(8, x5)vsd(gs + hs).
0

On the one hand, by the mean value theorem we have |b(s, zs) —b(s, x5+ vs)| =
9:b(s, &)l 0s] where &7 € [,z + v, Now, [9:b(s, &) — Oub(s, x.)[vi| =
|02,b(s, §2))||§£1) — x4||vs|. Since the first 3 derivatives of b with respect to
are bounded and |f§1) — x| < |vg|, we have that

[b(s, 5) = b(s, @5 + vs)| < []07,6(5)||< [vs .
This implies that

t
H/ (b(s,xs) — b(s,xs + vs) + 0:b(s, x5)vs)ds
0

< Corll0z,b(s)l| o [v]]5 o0

@,00

Exactly the same argument on the second term and proposition gives us

¢
/ o(s,xs) — (s, x5+ vs) + 0z0(s, xs)vsd(gs + hs)
0

<Carr (1107, (s)l |2 + 1107000 (8)|l |20 ) 19+ ll1-a,c0l[V][,00-
Adding the two estimates, we have that
|1F(h, 2 +v) = F(h,2) = DoF (h, 2)(v)]|a,ce = O(][][2,00)

and, in particular, this proves that DyF'(h,z) is the Fréchet derivative of F
with respect to x (the second argument).

0
Lemma 6.2. Fiz g € W} *(0,T) and consider the following equation

t t
(63) Y = wy + / Ssysdgs + / Bsysds
0 0

where w, B,S € C*=%(0,T). Then, there exists a unique solution y € C'=*(0,T) to
(6.3) which satisfies

1

\mumgmmmmprmma%mwmm+wmQQ.

Proof. The existence, uniqueness and Holder continuity of the solution comes from the
Existence and Uniqueness theorem. In order to derive the bound of the norm of the
solution, we will use a Gronwall type argument. Recall that

||3/Ha,oo = Sup A?(y)a
t€[0,T]
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so let’s try to give a bound for A%(y). Let’s define G¥(y), = fo Ssysdgs and FB(y), =
t
fo Bgysds. On the one hand, because of proposition ,

t
AX(G5) < carllglhane / (t — 5)72 4 £-%)A%(Sy)ds.
0

Now, by definition of A* we have

*1Ssys — Sryr|
AC - Posds  TrIrl gy
*(Sy) = |Ssys| + /0 (5 =)ot dr

Since [Ssys — Sryr| < 1S5ys — Srys| +1Sys — Syl = [ysl|Ss — Spl + Sy [ys — yr| We have
B ‘Ss_srl B |S7"Hys_yr’
AZ(S < Ss s s ———0d dr.
0 < sl bl ([ )+ [

By definition of the Holder norm, |Ss| < |[S]]1_a and |Ss; — S| < ||S]l1—a(s — )17
Plugging this estimates in the last inequality we have

a ’ ||S||1—a(s_7ﬂ)1ia /s |y5_y7"|
A < —dar.
- (Sy) < [S[h-alys| + |ys| (/0 (s —r)ott dr ) +[|S]h-a ; (S_T)a+1dr

Rearranging terms, we have

8250 <l8lheo (lnd+ [ L2 Ear) 41 (/ el st )

Slli—a —7“
sr|S||MAs<y>+rysr( QEIEEHC dr).
0

(s —r)atl

Hence,

8569 = carllph o [ (0= 72w ([ Iel 20 o

15 ]l1a / (. ta)Ag‘(y)ds>.

Since |ys| < A%(y), we can roughly bound the last inequality by

t
AY(G5) < carllgllizael S]] / (t— )72 + ) A%(y)ds
0

For FB the estimations are much more simpler, since again, by proposition m

" | Byys| A
AX(FP) < cun / Bebel 4o < o rllBlliane / s
¢ o (t—1s) o (t—s)~

Therefore, we have the estimate

t
A () < Mwllace + car ([19]l1-a.00]1S]l1-a + IIBIILoo))/0 ((t =) + 17" AL (y)ds.

Applying the Gronwall-type lemma that we used in theorem we conclude

llae < Cllt]lase exp <Cz|!9Hf = (1B~ + HSHm)) .
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as we wanted. O

Thanks to this two previous lemmas, we can prove the Fréchet differentiability of
the operator given by g — z(g).

Proposition 6.3. Let x be the solution of equation (6.1). Assume o, b satisfy (Hy).
The mapping g — x(g) from W~ *>(0,T) to W*>(0,T) is Fréchet differentiable and,
for any h € W%fa’oo(O,T), the derivative of x in the direction of h satisfies

t
tht:/ Cbt(S)dhs;
0

where ¢(s) solves the following equation:

(6.4) oO(s) = o(s,xs) +/ Gxa(s,xs)gbu(s)dgu+/ 0:b(s, xs)du(s)du
and ¢i(s) =0 if t < s.

Proof. The strategy for proving this proposition is applying the implicit function the-
orem to the operator F' defined in lemma (6.1, By lemma [6.1} F' is continuous and
Fréchet differentiable. Moreover, F'(0,2) = 0. The last thing left to do before applying
the implicit function theorem is checking that Do F'(0,h) is a linear homeomorphism,
that is, Do F(0, ) is a linear bijection, continuous, and Dy F (0, 2)~! is continuous. On
the one hand, notice that for every v € W;">°(0,T) we have

t t
DyF(0,2)(v)y = vy — / 0,0(s,x5)vdgs — / 0:b(s, xs)vsds.
0 0

Hence, thanks to the theorem of existence and uniqueness of solutions [5.2, we deduce
that Do F'(0,x) is a bijection. Indeed, the existence of solutions gives us that Dy F'(0, x)
is onto and the uniqueness gives us that Do F(0,x) is injective. Moreover, because
of the open mapping theorem, the map Do F(0,z)~! is continuous. This proves that
Dy F (0, z) is a linear homeomorphism and we can apply the implicit function theorem
for operators to deduce that there exists a neighbourhood 0 € U € W, *>(0,T) and
a Fréchet differentiable function z : U — W;"*°(0, T') satisfying x(0) = 2 and such that
for all h € U,
F(h,z(h)) = 0.
Since F' is Fréchet differentiable, we can differentiate with respect to h to get
DyF(h,x(h)) 4+ Ds(h,z(h)) o Dx(h) = 0.

In particular, isolating Dx(h) from the last equation and evaluating at h = 0 we have

DyF(0,2)(Dz) = =D F(0,2) <= Dz = —DyF(0,2) "o D;F(0, ).

From lemma [6.1, we know the exact expression for the Fréchet derivatives of F'.
Hence, by the relation DyF(0,z)(Dx) = —D;F(0,z), we conclude that for every
k€ Wi *™(0,T), D;F(0,z)(k) satisfies the equation

DF(0,z)(k); = —Dx(k), + /t 0,0(s,x5)Dx(k)sdgs + /t 0:b(s,xs)Dx(k)sds
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or, equivalently,

t t t
Dz(k); :/ o(s,xs)dks +/ 0.0(s,z5)Dx(k)sdgs +/ 0,b(s, xs)Dx(k)sds.
0 0 0

Recall the definition of ¢;(s). Integrating the relation (6.4) with respect to h €
W}~ (0, T) we have

/ Su(s)dh, = / o(s,22)dh, + / ( /Staxcr(u,xu)asu(s)dgu) .
4 /O ( / t axb(u,xu)gbu(s)du) dh,.

We would like to apply a Fubini-type theorem for Stieltjes integrals (see, for example,
[3]). In order to apply it, we have to see that

¢
[ 10t oo dgudh, < o
and
¢t
/ / |0:b(w, ) u(8)|dudh < o0,
0 s

where this integrals are double Stieltjes integrals (see, for example, [4]). In order to be
integrable, it is enough to check that 0,0 (u,z,)¢.(s) and 0.b(u,x,)p,(s) are Holder
continuous of order 1 —« in both variables (u, s). By hypothesis, 9,0 (s, z,), 0,b(s, ) €
C'=%(0,T). Moreover, because of lemma 6.2 ||¢.(s)]|a,c0 is uniformly bounded in s and
this implies that ¢;(s) is Holder continuous in ¢ uniformly in s (again by proposition
. In order to streamline the notation, we write S; = 0,0 (¢, x;) and B, = 0,b(t, x;).
We have, for ¢ < s <t

(6.5) ¢u(s) — du(s )—w(s,S')Jr/ Su(¢u(8)—¢u(8’)dgu+/ By(¢u(s) = ¢u(s'))du,

where

(6.6) w(s,s') =o(s,xzs) —o(s,xy) + —i—/ Sudu(s)dg, +/ By (s)du
Lemma gives us that

67 5 116 llace < eallol, 7)o (cllgl =5 1Bl + 11T

s€[0,T

So, plugging (6.7)) into (6.6)) we have
jw(s, S')| <|lo(s,zs)lh-als = 8’1" + [|B]| =< ( sup [|6.(s)lla,c0)ls = &

s€[0,7

(6.8) .
+¢||S]acollgl1-aco( 5UD [[6.(5)]]a00)ls — 5|
s€[0,7T

and we can bound roughly the last inequality by

lw(s,s')| < c|s— |2
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Applying once again lemma to the differential equation (6.5 and using the bound
on |w(s,s")| we have

1¢.(s) = ¢.(5)]

which proves that ¢;(s) is (1 — «)-Holder continuous in s uniformly on ¢, as we wanted
to see. This proves that 9,0 (u,z,)¢s(u) and 9,b(u,x,)ds(u) belong to C1=([0,T]?)
and we can apply Fubini’s theorem for Stieltjes integrals to get

/Ot ¢y(s)dh, = /Ota(s,xs)dhs + /Ot 0y0 (u, ) (/Ou qbu(s)th) dg.,
+ /0 t 0:b(u, ) ( /0 ' qbu(s)dhs) du.

Since fot ¢1(s)dhs satisfies the same differential equation as Dz, we can conclude by
uniqueness of solutions that

1
ace < cils = ' exp (callgl| =5 (1Bl + 11510

(6.9)

t
th:/ oi(s)dhs,
0
as desired. 0

6.2. Malliavin Calculus for the fractional Brownian motion. In this project,
we have already discussed some properties of the fractional Brownian motion. This
properties, however, are not enough to develop the Malliavin calculus tools we need.
This section is devoted to give the proper framework as it is done for the Malliavin
calculus with respect to the Wiener process (see, for example, [13]).

Instead of working with an arbitrary probability space, we will work instead with
a very specific one. Consider 2 = Cy([0,7]) the Banach space of continuous functions
x(t) in [0, T) such that they vanish at t = 0. Let P be the unique probability measure on
Q) given by Kolmogorov’s extension theorem such that the canonical process { Bf;t €
[0, 7]} defined by B (w) = w(t) is a fractional Brownian motion of Hurst parameter
H > 1/2. If we now set F = o(Bf';t € [0,T]), we say that (£, F, P) is the canonical
probability space of the process BY. We will study the Malliavin calculus for the
fractional Brownian motion in this canonical probability space.

6.2.1. Stochastic Calculus with respect to the fractional Brownian motion. In order to
discuss the Malliavin differentiability of a process, we need to define the Malliavin
derivative. The definition of this derivative requires of the isonormal process. Defining
the isonormal process is not a trivial issue, and it requires constructing an isometry
between L%(€)) and a suitable separable Hilbert space H. The characterization of H
and the definition of the isometry is our immediate objective.

Definition 6.4. We denote by £ the set of step functions on [0,T], i.e. x € &€ if and
only if there exist t1,....t, € [0,T] and ay,...,a, € R with

(6.10) 2(t) =Y ajl,(b).

J=1
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in £, we can consider the scalar product given by
(6.11) (Lo, Lpo,e)) = Ru(t, s),

where Ry is the covariance function of B*. In order to proceed, we shall explore some
properties of Ry.

Lemma 6.5. The covariance function of the fBm can be expressed as
Ry(t,s) = ay /t /s lr — u[*2dudr,
0o Jo
where oy = H(2H — 1)
Proof. Without loss of generality, assume that s < ¢t. Then, for any r € [0, ] we have

/o Ir — w1 2du = /o (r —u)*" 21y (u)du + /0 (u — )21} g (u)du.
Then, a direct computation shows that

s 2H -1 2H—1
2H -2 r (r—s)
— du = — 1
/0 [r—ul Y (2H— 1 2H — 1 ) [7,5}(7")

J2H -1 g — p)2H-1
+ ( + ( ) ) ]l[o,s}(r).

2H —1 2H —1
Integrating with respect to r from 0 to t we get the desired result. U

This lemma implies that, for any p, 9 € H,

T T
(612) <(707 ¢>'H = aH/ / ’7’ - u|2H_290rwudUdr
0 0

because of the definition of H. The lemma also allows us to derive a representation of
Ry (t, s) based on a square-integrable kernel.

Proposition 6.6. Let

t
KH(t7 S) = CH81/2_H/ (U - S)H_3/2uH_1/2du7

- H(2H — 1)
M=\ B —2H,H—1/2)

fort>s and Ky(t,s) =0 in case t < s. Then, for any t,s € [0,T],

tAs
(6.13) / Ky(t,u)Kg(s,u)du = Ry(t,s).
0
Proof. Recall the definition of the beta function:

Bz, w) = /0 =11 —t)vde.
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Then, notice that

tAs
/ Ky(t,u)Kg(s,u)du
0

tAs t S
(6.14) :ch/ ul2H (/ (y — u)H_?’/QyH_l/Qdy) (/ (z — u)H_3/2zH_1/2dz) du
0 u 0
t s 2Ny
:cz/ / (yz)H—1/2 / w2 (y — w)H32 (5 — ) H 32 dud zdy.
0o Jo 0

Suppose that z <y, then, by means of the change of variables r = =" and x = £ we
have

I\

/Z u1_2H(y o u)H_3/2(z . U)H—3/2du
0
=(y — 2)2H2/ (zr — ) 2H =324y
y/z
1
:(yz)l/Z*H(y _ Z>2H2/ (1- x)1’2H:cH’3/2dx
0

=B(2—2H, H — 1/2)(y=)"> " (y — 2)*" 2.

Doing the same computations with the case y > z we get a similar result (changing
the roles of y and z), so we can summarize both cases in

/ZAy 1220 (Y2, ) T32g (yz)"—1/2 — |y — |22
i u y—u z—u u 5(2—2H,H—1/2)_y 2 .

Then, if we plug this in the last equality of (6.14]) we get that

tAs t s
/ Kyu(t,u)Kg(s,u)du =c5(2 —2H, H — 1/2)/ / ly — 2|2 2dzdy
0 o Jo
:RH(t,S),

where the last equality comes from lemma [6.5] and the definition of ¢y. U

We can study further properties of K. Notice that directly from the definition of
Ky, we have

o\ H-1/2
O Kg(t,s)=cy (;) (t — s)H=3/2,
Hence, if we consider the linear operator
Ky : € — L*([0,T))
defined as .
(Kio)) = [ e0aKn(t it
then K7}, is an isometry between £ and L;( [0,77). Notice that in particular, K7, satisfies

(KiLog)(s) = Ku(t,s)Ljog(s)



43

(this is a trivial property to check). This is an isometry because for any ¢,s € [0, 7]
then

(Kglog, Kilpg) r2qor) =(EKu(t, ) Lo, Ku(s, ) p.s) 2o

/ K(t,u)K(s,u)du

—RH t S)

This operator does not only stablish an isometry between L2([0,7T]) and H, but also
stablishes an isometry between L?(Q2) and H in the following way: the operator
BH (1) = Bf is an isometry. Indeed,

E(B{BI") = Ry(t,s) = (L, Ljo.s)n-

We can extend the definition for functions in £. Consider Z"

j=1
define
B (Z aj]l[ﬂm) =D B
j=1 j=1

In the same way that we have defined the operators Ky and K7, for functions in £, we
can define operators Ky and K7, that are the respective extensions to H.

ajlpy; € €. Then, we

Definition 6.7. We denote by Ky the operator
Kg : L*([0,T)) = Hu := Ku(L*([0,T7))
defined by
(Kgh)(t / Ky (t, s)hsds.
In a similar way, we define the operator
Ky " — L*([0,T))
as

(Kiyo)(s) = / (D)0 K ()3t

The operator Kj;, in an analogous way as K7j; does, defines an isometry between H
and a closed subspace of L?*([0,7T]) and hence, we define an isometry between H and
a closed subspace of L?(f2). Indeed, let ¢ € H. Consider a sequence {@,;n > 1} C €
such that ¢, — ¢ in the norm of ‘H then, we define

BH(g) = L) — Tim B ().
n—oo
Notice that this is a good definition in the sense that B () does not depend in the

approximating sequence. Indeed, if {¢,;n > 1},{¢,;n > 1} C & are sequences such
that ., ¥, — ¢ in H, then

1B (¢n) = B (n)llr2) = llon = Yulln — 0

when n — oo.
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We denote by H;(BH) the space generated by the random variables { B (p);p €
H, ||¢||% = 1}. This isometry between H and H;(B*) allows us to define the isonormal
process B = {Bf(¢); ¢ € H} associated to H, i.e. B is a stochastic process in which
Bf () is a centered Gaussian random variable with variance ||¢||%,. Moreover, we can
identify B () with a Wiener-type integral of ¢ with respect to B, fo o(s)dBH. A
direct computation shows the following observation

Observation 6.8. The operator Kj; can be expressed in terms of fractional integrals
and derivatives as follows:

(Ki)(s) = enT(H = 1/2)s"27 (12t 120 () ) (),

1 1/27H< H-1/2, Hi— 1/2>
eyl (H — 1/2)5 Do (5)L[,q(5)-

(Ki) ™ (L) =

In general, the elements of H are not necessairly functions, but distributions. We
define |H| the linear subspace of functions ¢ € H such that

T T
||90|M2m = OéH/O /0 |0l [00] [ — v 2dudy < oo.

It is routinary work to check that |#| equipped with ||-||;5 is a Banach space contained
in H. However, this space is not complete when it is equipped with the scalar product
(-, )% All this discussion of K}, is very useful, because it allows us to define the
fractional Brownian motion in terms of a standard Brownian motion and, moreover,
it allows us to relate the generalized Stieltjes integral fOT o dBE with BH (). Indeed,
if Bf = {Bff;t € [0,T]} is a fractional Brownian motion of Hurst index H, then the
process W = {W,;t € [0,T]} defined as

Wi = B"((K3;) ™ (L))

is a standard Brownian motion, and moreover

t
BF = / Ky (t,s)dW,
0

Indeed, W, is a centered Gaussian random variable because B is an isonormal process
and

EW,W,) =(B"(K5) ™ (1), BT((K;) ™ (1po,9))) 2@
<( ) (]l[Ot]) (KH) (1[05]»7-[

(K (K3) ™ (L), K (Kp)™

=07, Tjo,s]) L2(fo,7)

=t A\ s.

(L10,5))) z2(j0,10)

In [13], the author defines the Stratonovich integral with respect to the fractional Brow-
nian motion and if the integrand ¢ is deterministic, the Stratonovich integral coincides
with the Wiener type integral B# () = W (K%(¢)). Then, in [17] the authors showed
that the Stratonovich integral defined in [13] coincides with the pathwise integral we



45

have defined and used in this project. Hence, for deterministic integrands, fOT o dBH
as it coincides with B (i), it follows a Gaussian distribution of mean zero and variance
||| ||27{|' Moreover,this idea of shifting the fractional Brownian motion to obtain a stan-
dard Brownian motion is they key idea to relate the Malliavin calculus with respect to
the fractional Brownian motion to the Malliavin calculus with respect to the standard
Brownian motion. However, we won’t deal with this type of problems in this project.

In the case of the standard Brownian motion, the operators we have defined are
simplified. Indeed, Ky(t,s) = L 4(s), K is the identity map and Hy is the space of
absolutely continuous functions vanishing at zero and the first derivatives are square
integrable. For H # 1/2, Hy is called the fractional Cameron-Martin space. Finally,
we define the last operator we need as

Ryu=KgoKy :H—Hy
with

(Rirp)s = / (KirLog)(5)(Kir)(s)ds = E(BIBY ().

6.2.2. Wiener Chaos expansion. Even though this and the following subsections can
be developed in a general context, we will use the context of the fractional Brownian
motion. The Wiener chaos decomposition is, roughly speaking, a way of decomposing
the space L*(Q) in the orthogonal sum of spaces generated by Gaussian random vari-
ables. The suitable way of approaching this decomposition is via Hermite polynomials,
which we’ll recall its definition and properties.

Definition 6.9. Let H,(x) denote the n-th Hermite polynomial, which is defined by

HO(ZE) = 1,
H,(x) = (_n1!)" exp (%) L exp (—%) , n>1.

Notice that this polynomials are the coefficients of the taylor expansion in powers
of ¢ of the function F(t,x) = exp(tx — %), that is,

F(t,x) =) Hy(a)t".
n>0
From here, one can deduce the following properties about these polynomials
e H/ (x)=H, 1(x) for all n > 1.

e (n+1)H,1(x) =xH,(x) — Hy_1(x) for all n > 1.
o H,(—z) = (—1)"H,(z) for all n > 1.

The reason why we are choosing Hermite polynomials and not any other family of
orthogonal polynomials for our decomposition of L?(Q) is the following interaction
between these polynomials and Gaussian random variables:
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Lemma 6.10. Let X,Y be two random variables with joint Gaussian distribution and

E(X)=E(Y)=0,Var(X)=Var(Y)=1. Then, for any n,m > 0 we have

E(H,(X)H,,(Y)) = {%(E(Xy))n n#m,

n=nm.
Proof. See, for example, [13]. O

Recall the definition of the isonormal process associated to the Hilbert space H,
that is a process B indexed by H with the property that B (p) ~ N(0, ||¢||%). The
isonormal process plays a huge role in the Malliavin calculus in general. The first big
appearance of this process is in this preliminary stage, in which we want to prepare the
framework needed in order to work with 3 important operators. The following lemma
is key in order to decompose L*(€2) in orthogonal subspaces.

Lemma 6.11. The random variables {exp(B¥(h));h € H} form a total subset of
L3(Q,G, P), where Q and P are the same as in the implicit probability space (Q, F, P)
we are working with and G is the o-field generated by the random variables { B (h); h €

Proof. Can be found in [13]. O

For any n > 1, we define H,(B¥) (or H, if there is no risk of confusion with
another isonormal process) the linear subspace of L?(Q, F, P) generated by the random
variables { H,,(B#(¥));||¢|l% = 1}, and for n = 0 Hy is just the space of all constants.
Notice that thanks to lemma [6.10] these spaces are orthogonal. We say that H,, is
the Wiener chaos of order n. The following result ensures that we can decompose the
space L?(9, G, P) in the sum of the Wiener chaos’

Theorem 6.12.
2,6, P) @H

n>0

Proof. Let X € L*(Q, G, P) such that X is orthogonal to H, for all n > 1. We shall
show that X = 0. Since E(XH, (B (p))) = 0 for all n > 1, ¢ € H unitary and the
Hermite polynomials span all the polynomials, we deduce by linearity of the expecta-
tion that E(XB¥(p)") = 0 for all n > 0 and ¢ unitary. Hence, by the dominated
convergence theorem, we have that

E(Xexp(tB™(¢)) =0, Vo eH,|lpllx=11t€cR.

Then, thanks to lemma|6.11 we conclude that X = 0 which is exactly what we wanted
to show. U

From now on, J, will denote the projection operator to the n-th Wiener chaos. This
is all the framework we need in order to fully study 3 of the most important operators
in the Malliavin calculus context, which are the Malliavin derivative, the divergence
operator and the Ornstein-Uhlenbeck operator.
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6.2.3. The Malliavin derivative. This operator allows us to, roughly speaking, differ-
enitate a random variable F(w) with respect to w. Since we are in the canonical
probability space of the fractional Brownian motion, w is a function and therefore F
is a functional. Hence, the reader with a background in functional analysis will see
that this concept resembles the Fréchet differentiability of a functional. In this thesis
we will discuss the relation between being Fréchet differentiable and Malliavin differ-
entiable. A non-degeneracy condition on this Malliavin derivative operator will give us
the absolute continuity of the law, as we will see in the next section. The definition
of the operator is not straightforward. Indeed, we will first define the operator for a
class of random variables and we will extend the definition to a broader space using an
approximation argument.

Fix H € (1/2,1). Consider B¥ = {B(); » € H} the isonormal process associated
to H.
Definition 6.13. A random variable F' is cylindrical if F' has the form

(6.15) F = f(B"(¢1),.... B"(¢n))

for some p1,...,0n € H and f € C°(R"™). We denote by S the set of all cylindrical
random variables.

Notice that S is a dense subspace of L*(€2). First, we will define the Malliavin
derivative for cylindrical random variables.

Definition 6.14. Let F' € §. We define the Malliavin derivative of F' as the H-valued
random variable defined by

DF = Z&;f(BH(%), .., B (pn)) i,

where 0; stands for the partial derivative with respect to the i-th argument. Given
h € H, we can define the directional derivative of F' in the h-th direction as

DyF = Zaif(BH<901)7 o, BT (0,)) (@i, h)y = (DF, h)y.

In the same way as we have defined one derivative, we can define iterated derivatives.
Indeed, let (s1,...,s;) € [0,T]. Then, for I € S, D¥ 5 ' 1s the random variable

-----

with values in H®* of the form

Dfl ..... S = Z Wf(BH(%), e 7BH(90n))%0j1(51) ACHE
e | J1 Jk

We won’t be dealing with high order derivatives until section 8. That’s why we will

mainly focus on random variable with one Malliavin derivative well-defined.

Let {e;}icr be an orthonormal system in H. Since the isonormal process is linear,
there exists a linear map A such that

(o1, - . .,gpn)T = Aley, ... ,en)T.
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Now, if f € C;°(R™) then g = f o A € C;°(R") and

g(B"(e1), ..., B"(en)) = f(B" (1), ... B"(¢n)).

So, if F' € §, we can assume that F' has the form (6.15)) with 1, ...y, orthonormal
elements of H. The idea now is to explore some properties of the Malliavin derivative
that coincide with the classical derivative of a function.

Proposition 6.15 (Product Rule). Let F,G € S, then
D(FG)=DF -G+ F-DG.

Proof. Suppose that ' = f(B™ (1), ..., B (p,)) and G = g(B™ (1), .., B (1)),
We can write F'G as

FG = h((BH<901)7 R BH(QOH)ﬂBHle)a tee 7BH<¢m))
=f(B"(¢1),- -, B (¢a))g(B" (¥n), ..., B" ().

Then
DF = Zaif(BH(@l)v ) BH(SOn))‘zDh
i=1
DG = Zaig(BH(%), e 7BH(¢m))wi’
i=1
and

Oih((B™ (1), -, B (¢n), B (Y1), B ()
:@f(BH((Pl) BH(‘Pn))g(BH( v1), .. aBH(wm))%'
+f(B (1), ... B (pn))0ig(B" (1), . ... B (¥m) )i
fori e {1,...,n} and
On((B™ (1), ... B (¢n), B" (¥n), ... B (¢¥m))
=f(B" (1), ..., BT (pu))0ig(B" (¢n), ..., B () ¥
for i € {n,...,n+m}. Adding all derivatives we get the result. O
Proposition 6.16. Let F' € S and let h € H. The following relation holds:
E({DF, h)y) = E(FB"(h)).
Proof. Using Gram-Schmidt algorith, we can construct an orthonormal system {e;};c;
such that e; = h, so we can express F' as
F = f(B(ey),..., B (en)).
Since e; have norm 1, B¥ (e;) are standard Gaussian random variables. Hence,

(DF,h)y = (DF,e1)y = 01 f(B(ey1),... B (en)).
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Thus,

E(<DF, h>q.[> = 31f(:1:1, ce 7l'n)¢n(l’1, Ce ,iCn)d.Tl Ce dl’n

Rn

=— flxy, ..o x,)01Pn(x, ... xy)dey ... day,
]Rn

where, if we define x = (21, ..., 2,), then ¢, (z) = dp(x1,...,2,) = (27) 2 exp (— \|12||2)

is the density of a standard Gaussian random variable. This density satisfies

O19n (1) = —z19n (1),

SO

n

E((DF, h)y) :/ wvif(zy,. .., 20)0n(21, ... 2,)day ... da, = E(B7(e))F).
Finally, the result follows from the fact that, by definition, e; = h. O

Proposition 6.17. Let F,G € S and h € H. Then,
E(G(DF,h)y) = E(FGB"(h) — F(DG, h)y).

Proof. Apply the proposition to F'G and use the product rule. U

As mentioned before, we would like to extend the Malliavin derivative operator to
a broader class of random variables. In order to do an approximation argument, we
need that the operator is closable. Otherwise, if we take a sequence {F,;n > 1} C S,
the limit of the sequence { DF,;;n > 1} may not be well-defined. Luckily, the Malliavin
derivative is indeed closable:

Proposition 6.18. The Malliavin derivative is a closable operator from L*() to
LA H).

Proof. Let {Fy; N > 1} be a sequence of cylindrical random variables such that Fy —
0 in L*(Q2). We have to see that if the sequence of derivatives DFy converges to n in
L3(2), then n = 0. For any h € H, Consider a cylindrical random variable F' such that
FBH(h) is bounded. Then

E((n; h)uF) = lim E((DFy, hjuF)
= lim E(—Fy(DF,h)y + FNFB"(h)) =0,

N—o00
because (DF, h)y, and FB¥(h) are bounded and Fy — 0 in L?*(€2). Notice that the
set of F’s such that F'Bf(h) is bounded is dense in S. Indeed, given G € S we can
consider the approximating sequence G. = Gexp(—eBf(h)?). The fact that this set
of F’s such that FB¥(h) is bounded is dense in S, and S is dense in L*(2), implies
that

<777 h>’H =
Since this holds for every h € H, we deduce that n = 0 as we wanted to see. O
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We will denote by D'? the domain of D in L*(Q), that is, the closure of S with
respect to the norm

1/2

1F][12 = [E(F?) + E(IDFI3)]

so the Malliavin derivative is well defined for F' € D*2. An immediate observation is
that D2 is a Hilbert space with the inner product given by

(F,G)12:= E(FG)+ E((DF, DG)y,).

In the same way as we defined the space D2, we can define the spaces D*? in a similar
way. Indeed, consider the following seminorm on S:

k 1/p
1Fllep = | EQFP)+ > EIDFIe,)
j=1
Then we define D*? as the completion of S with respect to ||+ ||1.,,. Moreover, we define
D as the space
D> = () () D*.
k>1p>1

We can also define the localized version of this Malliaivin-Sobolev spaces. This can be
done thanks to the local property of the Malliavin derivative

Lemma 6.19. Let F' € D2 such that F =0 a.s. in A€ F. Then, DF =0 a.s. in A.

Proof. See [13]. O

This property allows us to define the space ]Diﬁ as the set of random variables F' such
that there exist a sequence {(Q,, Fy,);n > 1} with 2, 1 Q a.s. (that is, P(Q\Q,) = 0
as n — o), F,, € DM and F,, = F almost surely in €,,. For any, F € lDll(;z, DF is well
defined. Indeed, we can define DF := DF,, in €, for all n > 1.

An important property of the Malliavin derivative is that, even though we will see
that some aspects of the classical differential calculus are not preserved, this operator
has some properties in common with the classical derivatives. One of them, is the
famous chain rule.

Lemma 6.20 (Chain Rule). Let F be a random variable belonging to D?. Let ¢ : R —
R be a continuously differentiable function with bounded derivative. Then, ¢(F) € D2
and

D (F) = ¢/(F) - DF.

Proof. Notice that the statement holds true if ' € S and ¢ € C°(R). Now, let’s
check it for ¢ € C'(R) with bounded derivative. Consider {a,(x);n > 1} the standard
mollifier and consider, as well, the sequence {¢,(z);n > 1} defined as ¢,(z) = (¢ *
a,,)(z). Notice that all ¢, (z)’s belong to Cs°(R). Then, for a general F € D2, if we
consider a sequence {F,;n > 1} — F in D? we have that

Doy (F,) = ‘P;L(Fn) - DF,.
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On the one hand,
E(lon(Fn) — o(F)?) SE(len(Fn) — @(Fo)l?) + E(le(Fn) — o(F)I?)
<E(len(Fn) — o(Fa)PP) + 1€ |70 ) E(|Fn — FI?).
Now, when n — oo the first term goes to zero because since ¢ is continuous, @, () —

() uniformly in z and the second term goes to zero due to the boundedness of ¢’
and that F,, — F in L*(Q). For the convergence of the derivatives:

E(|le,(Fa) DF, — ¢ (F)DF|3) < E(lle),(Fa) DF, — ¢, (F) DF[3)
+E(|[¢,(Fa) DF — ¢ (Fa) DF[3,) + E(|l¢(Fa) DF — ¢ (F)DF|[3,).

Concerning the first term, notice that for all x € R

(@) < /R (& — 8)|an(B)dt < |19 | zeqe).

s0, by choosing any C' > 0 with |||z~ < C' we have
E(|len(Fu)DF, — ¢,(F,)DF|),) < CE(||DF, — DF|[3,).

Now, this last expression tends to zero because F,, — F in D"2. For the second term,
using the uniform convergence of ¢,, to ¢ and the dominated convergence theorem we
see that it tends to zero when n — oo. The third term also tends to zero by the
dominated convergence theorem (since the statement of the dominated convergence
theorem also holds when the convergence is in measure). We have then a sequence
{F,;n > 1} such that ¢,(F,) — ¢(F) in L*(Q) and Dy, (F,) = ¢'(F)DF in L*(Q;H)
as n — oo. By closedeness of the derivative operator, ¢(F) € D? and Dp(F) =
¢'(F)DF. O

6.2.4. The divergence operator (Skorohod integral). The next operator we will intro-
duce is the divergence operator. It is closely related to the Malliavin derivative, and it
is fundamental in the computations of probability laws as we’ll see later on. We first
give a definition.

Definition 6.21. The diwergence operator ¢ is the adjoint of the operator D. That is,
§: LA H) — L*(Q) is an unbounded operator such that

i. The domain of 6, Dom(6), is the set of square integrable random variables

u € L*(%H) such that
[E(DFE, u)y)| < cf|[Fl]2

for all F € D'2.
ii. If u € Dom(0), then §(u) is the unique element of L*()) characterized by

(6.16) E(Fé(u)) = E((DF,u)y).
Remarks 6.22.

i. In the same way D is a closed unbounded operator, 4 is a closed and unbounded
operator.
ii. The relation (6.16)) is sometimes called the duality relation between D and 6.
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Let’s see how ¢ acts on a simple class of functionals. We denote by Sy be the class
of smooth elementary elements of the form

(6.17) u="> Fh
j=1

where F; € S and h; € H. Notice that S C Dom(d). Indeed, if we consider u of the

form (6.17)), then

|[E((DF, u)n)| =

n

Y E(Fi{DF hy)x)

Jj=1

< (IE(F(DF, hy)w) + |B(FF;B™ (1))

<|[F 20 (Z [KDF}, hi)ullrze) + HFJ'BH(hj)HL?(Q))
j=1

SCHFHLZ(Q)

The Malliavin derivative and the divergence operator, even though one can be thought
as a derivative and the other as an integral, they are not inverse operators in the
sense that 6(DF') # F. In the next section we will talk about the Ornstein-Uhlenbeck
operator, which gives an answer to what is the relation between §(DF') and F' (among
other properties).

6.2.5. The Ornstein-Uhlenbeck operator. This is the last operator we need in order to
have all the machinery ready to prove the main results of this project. The definition of
this operator is not as straight-forward as in the Divergence and Derivative operators.
We consider again the isonormal process B defined in the canonical probability space
(Q, F, P). Recall that J, is the projection to the n-th Wiener chaos.

Definition 6.23. The Ornstein-Uhlenbeck semigroup is the one-parameter semigroup
{P;;t > 0} of operators on L*(Q) defined by

P I = i e ™I, F.

n=0

There exists an alternative and equivalent definition of this semigroup which is,
in fact, more suitable for our purposes. Consider B an independent copy of the
isonormal process B such that both processes are defined in the probability space
(Qx Q' F®F ,PxP). For any t > 0, we consider the process

Z(p) = e ' B (p) + V1 —e2B" (p)

Notice that this process is Gaussian (because B and B’ are Gaussian). Moreover,
it is trivial that it has zero mean. The variance function of Z is, by independence of
the isonormal processes,

E(Z(0)Z()) = (¢, ¢¥)n
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Let B : Q — R*, B : (/' & R be the canonical mappings associated to B¥ and
B’ respectively. This mappings are defined as follows:

e For 1y, B¥ (1jp4)(w) = Bff (w) = w(t).
e BH()(w) : H — R is the map defined such as, for any ¢ € H, consider
a sequence of simple functions {s,;n > 1} — ¢ in the norm of H. Then,

B () (w) = limy 0 B (53) (w)

Hence, for any w, BY(-)(w) can be seen as a map from H to R. The canonical mapping
is hence the map w — B (-)(w). We will usually denote the image of w by the canonical
mapping as BH (w).

Now, given F' € L*(Q), let 1r be the measurable mapping defined P o (B¥) 1l-as.
by ¢¥p = F o BY. Then,

Vr(Z(w,w') = Yr(e”" B () + V1 — e 2B (W)

is well defined P x P’-a.s. The alternative definition of the Ornstein-Uhlenbeck semi-
group relies on the following proposition

Proposition 6.24 (Mehler’s formula).
P,F = E'[pp(e B + /1 — 2B,
where E' denotes the expectation with respect to P'.

Proof. Can be found in [13]. O

The Ornstein-Uhlenbeck operator introduced in the next definition will be the in-
finitisimal generator of the one parameter family of operators F;.

Definition 6.25. The Ornstein- Uhlenbeck operator L is the operator defined in L*(Q)
defined by

LF = i —nJ, F
n=0

provided the sum is convergent in L*((2).

From this definition we readily check that
Dom(L) = {F € L*(Q); Y _n’[|J,F|[3 < oo}.
n=0

It can be checked, using multiple Wiener integrals that Dom(L) C D'?. More-
over, it can also be shown that L is a symmetric unbounded operator, i.e. for every
F,G € Dom(L), E[F(LG)] = E[(LF)G]. The next proposition shows that L is the
infinitesimal generator of the semigroup {F;;t > 0}.

Proposition 6.26. The Ornstein-Uhlenbeck operator L coincides with the infinitesimal
generator of the Ornstein-Uhlenbeck semigroup {P;;t > 0}
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Proof. We shall prove that F' € Dom(L) if and only if

PF —
lim 2=
t10 t
where the limit is taken in the L?*(Q), and in such case G = LF. Assume first F €
Dom(L). Applying the very definitions, we have

F:EZ%F
n=0
BF_EjémLF
n=0
LF=Y —nJ,F
n=0
Hence,
PF_F 2 X fe 1 ’
EllZY—— _LF)|=E F
(PEEar) | = | (S (5 ) o)

Now, using that the Wiener chaos spaces are orthogonal, we readily check that

2
E i(e_nt—_l—l—n)JF —i(ﬂjLn)QE(JFz)
n=0 t ! N n=0 t ! '
Since (e™™ — 1)/t < 0, the last expression is less or equal than >~ ' n?||J,F||3, which
is a finite quantity by hypothesis. Hence, we can switch the limit as ¢ | 0 with the
sum, and using the elementary equality
e —1

lim ——— = —n,
tl0 t

we deduce that G = LF (by the uniqueness of the L? limit). Conversely, assume that
limy Pt};_F = G in L*(Q). Notice that J;P,F = e " .J,F. Hence,

—nt

LG=JFlime o
tl0 t

From the fact that G € L*(Q2) and consequently Y 2 ||J,G||* < oo we deduce that
F € Dom(L) and, moreover, G = LF. O

The following relation between the Malliavin derivative, the divergence operator
and the Ornstein-Uhlenbeck operator is a necessary tool in order to bound the density
functions of the solutions to the SDEs:

Proposition 6.27. Let F € L*(Q). Then, F € Dom(L) if and only if F € Dom(4D)
(i.e., F € D*? and DF € Dom(6)). In this case, DF = —LF.
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Proof. The proof uses techniques that haven’t been developed in this project. Never-
theless, this techniques are not very difficult and one can check that the proof in [13]
is short and direct. 0

6.3. Study of probability laws. This subsection is devoted to show how, depending
on the actions ¢ and D have on a random variable F' tell us information about the
law of F'. We first give a general result that ensures the absolute continuity of ' and
then we will give a criterion to check if the law of F' is absolutely continuous with
respect to the Lebesgue measure. The first result, even though is very important in
order to compute density functions, is not suitable for the differential equations setting.
Indeed, the hypothesis are hard to check. On the other hand, the absolute continuity
criterion that is presented is easier to check in the differential equations setting, but it
doesn’t give us information about the density of the solution. This is the reason why
we want to go further, and in section 7 we study the properties of the density function
of the solution to stochastic differential equations that is ensured to exist thanks to
this criterion.

6.4. Computation of probability laws. One of the most powerful applications of
the duality relation between D and ¢ is that it allows us to compute in a (somehow)
explicit way the density function of a random variable. Indeed, we have the following
result:

Proposition 6.28. Let F' be a random variable in DY2. Suppose that DF/||DF||3,
belongs to the domain of 6. Then, the law of F has a continuous and bounded density

pe(x) given by
DF

=F |1 20 | ——— .

Pr() [{F” (||DF||%>]

Proof. Let 1 be a non-negative smooth function with compact support. Let ¢ be the
antiderivative of v given by
0=/ w

By the chain rule, ¢(F) € D? and Dp(F) = ¢'(F)DF = (F)DF. Hence
(De(F), DF)y = ¢(F)||DF[3,.

DF
wiE) = <D9”(F)’ HDFH%{>H

Applying expectations to both sides, and using the duality relation between D and ¢
we have

In other words,
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Given any interval [a,b] C R, we can consider a sequence of smooth positive compact-
supported functions 1, such that ¢, (x) — L (2) and (6.18) holds for every n > 1.
By the dominated convergence theorem,

pro< <0 it ([ teatnar)s (25)]

—0o0

F bAF b
/ ﬂ[a,b] (.1')(133 = / dzx = / ]1{F>m}d$-
—o00 anF a

Applying now Fubini’s theorem, we deduce

’ DF
a H

Now, notice that

O

Notice that, in particular, if F' belongs to D'? and DF/||DF||3, belongs to the
domain of §, the law of F'is absolutely continuous with respect to the Lebesgue measure.
Our objective is relaxing a bit this condition and trying to make an absolute continuity
criterion not very restrictive and easy to check.

6.4.1. An absolute continuity criterion. As mentioned before, the Malliavin calculus is
sometimes used to prove that the law of a certain random vector is absolutely contin-
uous with respect to the Lebesgue measure. The way both aspects are related lies in
the following proposition.

Proposition 6.29. Let F € D> be a random variable such that ||[DF|jy > 0 a.s..
Then, the law of F' is absolutely continuous with respect to the Lebesque measure.

Proof. We must show that every subset £ € B(R) of measure zero satisfies P(F €
E) = 0. Equivalently, we must show that 1g(F) = 0 almost surely. Let E be any borel
set. Then since ' € D2 there exists Q, C Q and F,, € DY? such that F,, = F in ,,.
Moreover, since €2, T €2, there exists an index n > 0 such that

P(F € E)=P((F € E)NQ,) = P(F, € E).

Hence, we can assume by this localization argument that I € D%? without loss of
generality. Note that if F' has an absolutely continuous law with respect to the Lebesgue
measure and ¢ is a diffeomorphism, then the law of ¢(F) is also absolutely continuous
with respect to the Lebesgue measure. Hence, we can assume that F' takes values in
(—1,1), and thus we can restrict ourselves to Borel sets £ C (—1, 1) of measure zero.

Let Pr denote the law of F'. There exists a sequence of continuous functions f, con-
verging pointwise to 1z almost everywhere with respect to the measure Pr 4 dx (i.e.,
fn(x) = 1g(z) almost everywhere in (—1,1) and f,,(F') — 1g(F) almost surely). De-
fine p,(t) = ffl fn(z). Then ¢, is of class C' and each ¢,, has bounded derivative. Ap-
plying the chain rule, we find that ¢, (F) € D"? and Dy, (F) = ¢, (F)DF = f,(F)DF.
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Since f,(x) — 1 pointwise almost everywhere, ¢, (z) — 0 almost everywhere. By the
dominated convergence theorem, we have:

on(F) =0 in L*(Q),
fo(FYDF — 15(F)DF in L*(:H)

Since the Malliavin derivative is a closed operator, we have 1g(F)DF = 0 almost
surely, and thus 1(F)||DF||3, = 0 almost surely. Since [|[DF|[3 > 0 almost surely, we
deduce that 1x(F) = 0 almost surely. O

Hence, the study of the law of a random variable is reduced to the study of the
non-degeneracy of its Malliavin derivative.

Recall that, unless otherwise indicated, the probability space in which we are work-
ing on is the canonical probability space associated to the fractional Brownian motion,
so we have to keep in mind that each w € () is a function and random variables are
now functionals. In the next subsection, we will argue that if a random variable is
Fréchet differentiable in the directions of the Cameron-Martin space, then it is locally
Malliavin differentiable. Once we apply this results to the deterministic equations, we
will be able to conclude that the law of the solution to an SDE is absolutely continuous.

6.5. Continuously differentiable random variables in the Cameron-Martin
space directions. Let H be a Hilbert space and let (€2, ’H, P) be an abstract Wiener
space in the sense of Gross, that is, the underlying probability space is (2, F, P) where
() is a separable Banach space, P is a Gaussian probability measure on 2 and F is the
completion of the Borel o-field of Q (with respect to P). Moreover, H is a separable
Hilbert space that is continuously embedded in 2 via the injection i : H — ) and the
following property is satisfied:

‘ —1
[ evpa) = e (S
Q

for any y € Q* € H* = H. We will denote by H! the image of H under the injection
i. This space H! is usually denoted as the Cameron-Martin space. In the case of the
fractional Brownian motion, we will use the notation Hy instead of H!, but in order
to study a general setting, we’ll keep H! for the moment. This is all the information
we need about abstract Wiener spaces for this project. If the reader is interested in
this topic, they can refer to the paper of L. Gross [9].

Definition 6.30. We say that a random variable F' is H-continuously differentiable if
for almost every w € €, the mapping h — F(w +1i(h)) is continuously differentiable in
H. The set of all H-continuously differentiable random variables is denoted by Cj,.

The objective of this section is to prove that Cj, C ]Dllc;z because we want to prove

that if a random variable is Fréchet differentiable in the directions of the Cameron-
Martin space, then it is also locally Malliavin differentiable. Moreover,

Consider, for any A € F, the function
pa(w) = inf{[|A[|;w +i(h) € A}.
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From this definition, we can clearly notice that pa(w) = 0 if w € A and pa(w) = c©
if w ¢ A+ H'. Moreover, given any A € F, we can construct an e-neighbourhood of
A with the distance of H!. Indeed, by density we can extend the distance of H! to
a distance d; : 2 x Q — R and construct a neighbourhood of A with respect to this
distance.

Proposition 6.31. The function pa satisfies the following properties:

(1) If A C B then pa(w) > pp(w).
(2) Fized A € F, p satisfies the following Lipschitz condition:

[paw +i(h)) = paw)] < [|h]ln

(3) If {An;n > 1} is such that A, T A, then pa, (w) | pa(w).
(4) If G is o-compact and ¢ € C(R) then ¢(pg) € DY? (with the convention
¢(00) = 0) and [|D(¢(pc))lln < |¢/]| -

In order to prove this proposition, we will use the following lemma:
Lemma 6.32. Let I’ be a random variable satisfying
|F(w+i(h) — F(w)| <c||hllx VYheH.
Then F € DY? and ||DF||% < ¢ a.s.

The proof of this lemma is omitted because it is out of the scope of this project.
We are ready now to prove the proposition.

Proof.

(1) Let A C B. Notice that if h € H is such that w +i(h) € A, then w+i(h) € B.
Hence, A, = {h € H;w+i(h) € A} C {h € H;w+i(h) € B} = B/,. Since
|| - [l is a continuous map and A/, C B/, then

pa(w) = inf 1kl = g |[hll = pi(e)

(2) Define the sets
A, ={g€ H;w+i(g) € A}
Aopn={9€eH w+ilh)+i(g) € A}.
Notice that g € Ay, <= h+g € A,. Now,
pa(w +i(h)) =inf{[|g[l; g € Aun}
=inf{|[g|[n; g + h € Au}
=inf{[|¢ — hllu; p € A}
Hence

[pa(w +i(h)) = pa(w)| < [inf{][e = hllx = llellw; ¢ € Au}l-

Since ||| — hll% — |l¢l|x| < ||h]|3 for all ¢ € A, we get the desired result.
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(3) The sequence pa, (w) is decreasing on n, so in order to ensure the convergence,
we will see that inf, pa, < pa(w) for all w € Q. First, if w ¢ A+ H' then
pa, (w) = pa(w) = oo and hence the result is clear. If w € A + H! then for
every ¢ > 0 there exists h € H such that w +i(h) € A and ||h||y < pa(w) + .
Since A,, T A, there exists ng such that for all n > ng, h € A,,. Then, it is clear
that

pan(@) < bl < pa(w) +=.
Taking the infimum on n and then the infimum on € > 0 we prove the result.

(4) Consider G = |J,»; K,, where K,, is an increasing sequence of compact sets.
By the last item, we have seen that px, | pg, hence ¢(px,) — é(pa). Since
pr, is measurable for all n ¢(pg) is bounded and measurable. Moreover, by
the second item and the mean value theorem we have

|6(pa(w +i(h))) = ¢pa(w))] < [|¢'[| o l[Rl]3-

Now, using lemma [6.32f we derive the result.

Now we are ready to prove the result that relates the C}, class of random variables
with D2

loc*

Proposition 6.33. We have C3, C D>

loc*

Proof. Let F € Cj,. We define the following sets
A, ={we; sup |Flw+i(h))|<n,

[1Rll%<1/n

sup ||[DF(w +i(h))[l3 < n}.

[|Rll%<1/n

Since F' € Cj;, then Q = |J,~, A,. Now, for any A, let G, be any o-compact set
such that G,, C A, and P(G,) = P(4,). Consider ¢ € C°(R) be a Urysohn function
associated to [—1/3,1/3] and [—-2/3,2/3] such that |¢(t)] < 4. Define the random
variables

F, = ¢(npg,)F.
Then, F,, satisfies the following properties:

(1) F, = F on G,.
(2) F, is bounded. To see it, notice that

Bl < L, <y lF < e
(3) For any h with |||y < 5=, F,, satisfies the following Lipschitz condition:
|[Fa(w +i(h)) — Fo(w)| < (8n® + n)||h]]s.

By lemma [6.32) F,, € D"? and properties 1 and 2 ensures us that F, = F along an
increasing subsequence of sets. Hence, by definition, F' € D2 O

O
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6.6. Application to SDEs driven by a fractional Brownian motion. Let’s con-
sider the following SDE

t t
(6.19) Xt:x0+/ a(s,Xs)dBer/ b(s, X,)ds,
0 0

where zg € R and o, b satisfy (H;) for i = 1,2,3. Under this hypothesis, we have the
existence and uniqueness of solutions. We want to stablish a connection between the
Malliavin derivative and the Fréchet derivative. To do so, assume that o and b satisfy
(Hy4) (so that we have Fréchet differentiability of the solutions). We will make use of
the following lemma:

Lemma 6.34. Let ¢ € H. Then, for all e > 0 and h € H we have
B (p)(w +eRu(h)) = B"(9)(w) + lp, M)

Proof. First let’s prove the result for ¢ = 1y 4. In this case
B (w+eRy(h)) = (w+eRp(h) = w + Ry (h):.
Now, by definition,
Ru(h)e = (KL, h)2pm).
Hence,
Bf'(w+eRp(h)) = w + (Lo, Ay = B (w) + e(Ljo g, ),

so the result is true for indicators. Since the map ¢ — B () is linear, we know that
by linearity the result is true for functions in £. To prove the result for ¢ € H we will
use an approximation argument. It is clear that if we have a sequence {¢,;n > 1} C &
such that ¢, — ¢ in H then

B () + (g, hyy = L*(Q) — lim B (p,) + el@n, )y

n—o0

In particular, the convergence holds in L'(€2). Consider the shift operator T} (w) =
w+ eRyg(h). We have to see that
B () o Tf = L*(Q) — lim B¥(yp,) o T}.
n—oo

Using Girsanov’s theorem,
E (IBH(%) o T;=B"(¢) o TEI)

5 (18" (o) — B exp (<5 - Sl ).

By Cauchy-Schwarz’s inequality, the convergence in L*(2) of BH (,,)oT}, to B (¢)oT;,
holds. Now, by uniqueness of the L!(2) limit, we have
B"(p)(w +eRu(h)) = B (p)(w) + (o, h)n-

as wanted O
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Proposition 6.35. Let X be the solution to (6.19)) with o and b satisfying (Hys). Then,

the derivative of X in the sense of the Malliavin calculus satisfies the equation
t t

(6.20) DX, = o(s, X,) + / 0,0 (u, X)) D X, dB? + / Opb(u, X) D X du

if s <tand0 if s >t.

Proof. The first observation is that the Fréchet derivative of X in the direction Ryh
satisfies

DRHhXt = <DXt7 h’>7‘la

where DX, in the right hand side of the equality is the Malliavin derivative of X at
time t. To see it, consider a cylindrical random variable of the form

F = f(B"(¢1).-.., B" ().
Then,
(DF, h)y Zﬁf (B (p1)(), - - B"(¢n) ()i, )
Z%f(BH(%)(w) +eler M-, B (9a) (W) + e{0n, h)).

by lemma , the last equality coincides with L F(w + eRy(h)) which is precisely
the Fréchet derivative of F' in the Ryh direction. The general case follows from an
approximation argument. This is precisely the relation between the Fréchet derivative
and the Malliavin derivative that we have been talking about in the whole project.
Now, using the representation for the deterministic case, we have

DX, = / or(r)d(Righ) (r).

Notice that, using Fubini’s theorem, we have the following equality

(Ryh)(r // (0uK g (u, s)(Kih)(s)ds) du.
Hence,

(R (h))(r) = / 0, K (ry ) (Kb () .

0
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This implies that

DryXe= [ 6 R0
_ /O t /0 640, K (ry ) (i) () dudr
_ /O ' /0 (PO, K gy (1 0) (K2 ) ()l
_ /O ") (u) ( /u L K u(r u)dr) du

_ / (Kjh) () (K b0) ()l

0
:< ty h>7‘l

This implies that ¢;(s) = DX, and, because of the differential equation that satisfies

¢y, we conclude that the malliavin derivative satisfies equation (6.20)). O

Theorem 6.36. Assume, in addition, that 0(0,x¢) # 0. Then, the solution to (6.19)
has an absolutely continuous law with respect to the Lebesque measure.

Proof. We have to see that ||DX;||% > 0 almost surely. To do so, let’s assume that
P(]|DXy||% = 0) > 0. We have seen that the operator Kj; is an isometry between
H and a closed subspace E C L?([0,T]). Let {e,;n > 1} be a complete orthonormal
system of E and we define f, := (K%)7!(e,). Hence, we can write

DX, = (DXy, fa)sfn;

n=1
SO

DXl =D UDXo, fudul®

n=1
If we assume that P(||DX;||% = 0) > 0 then, with probability different from zero, we
have (DX, f,) = 0 for all n > 1. We will use now the deterministic representation.
From the relation between the Fréchet derivative and the Malliavin derivative, we have
that
0= <DXta fn>’H - DRanXt~

By definition of the Fréchet derivative and lemma 5.1 we have that

0= DrypXi = DoF(0,X)" 0 D1F(0, X) (R fn)-
Since Do F'(0, X) is a linear homeomorphism, then

DyF(0,X) o D1F(0,X)(Rufs) =0 <= DiF(0,X)(Ruf.) =0.

By definition of D F we have that

DO, X)Rufi)(6) = - | (s, X)d(R ) ().
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We have done a similar computation in the previous lemma. Indeed,

| ot XdaRut)) = [ ol X taneaRa )

:<0('7X)]1[0,t]7 fn>Ha
so (0(-, X)L, fn)n = 0 for all n > 1. Adding all this terms, we have

o0

0=> Uo(, X)Ly, fa)nl* = llo(-, X)Lpgll3-
n=1

Hence, o(s, Xs) = 0 for all s € [0,¢]. In particular, for s = 0 we have (0, z9) = 0 which
contradicts the hypothesis of 0(0,x¢) # 0. The contradiction arises from assuming
that P(||DX||3, = 0) > 0 so ||[DX;|| > 0 almost surely. By the criterion of absolute
continuity [6.29] we conclude that the law of X is absolutely continuous with respect
to the Lebesgue measure. 0

7. GAUSSIAN BOUNDS FOR THE DENSITY OF SDES DRIVEN BY A FRACTIONAL
BROWNIAN MOTION

In the last section we proved one big result, that is that whenever o, b satisfy (Hy),
the solution X; to

t t
X =z +/ o(s, X,)dB? +/ b(s, Xs)ds
0 0

has a density p;(z). Moreover, thanks to the Malliavin calculus, we have an explicit
expression of the density p;(z). The drawback of this expression is that computing p;(x)
in terms of elementary functions is not an easy problem; it is sometimes impossible
to give such expression. Our objective now is, in order to understand a bit better the
behaviour of p;(x), giving lower and upper bounds for p,(z) in terms of Gaussian density
functions i.e. we are looking for Gaussian upper and lower bounds for p,(z). This is,
again, not an easy problem. However, there exists a general method for bounding
density functions of random variables that can be applied to very simple equations.
We first give a discussion about how this method works:

7.1. A general bounding technique. This technique was introduced by Nourdin
and Viens in [I2]. In general, the tools that the authors use are more accessible than
other popular techniques (see, for example, [10]). The price we pay for having a more
accessible technique is that the family of equations for which this method is suitable is
not very broad. The method relies on the following theorem:

Theorem 7.1. Let F' € D2 with zero mean, let gp(x) be the function defined as
gr(z) =FE ((DF, DL 'F)y|F = x) .

The law of F has a density pr(x) if and only if the random variable gp(F') is stricly
positive almost surely. In this case, the support of pr, supp pr, is a closed interval of
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R containing zero and, for almost x € supp pr,

E(|F]) < / vz )
prp(r) = ——=exp | — dz | .
TR E o 95 ()
Before proving this theorem, we shall give an explanation about what does L~!
mean. Let F' € L*(Q), then we define L™'F as

L'F = Z —%JnF.

n>1

Notice that L™'F € Dom(L), indeed, using that J,, are projetions to jointly orthogonal
spaces

Y Pl LRI =) |IJFll; < B(F?) < co

n>1 n>1

Moreover, since the sum that defines L~! does not contain the term n = 0 that corre-
sponds to E(F'), we have

LL'F=F — E(F).
Hence, L~! behaves as the inverse operator of L in the case of centered random vari-
ables. Now we can give the proof:

Proof. First, let’s prove that for every ¢ : R — R in C!'(R) we have
E(Fe(F)) = E(¢'(F)gr(F)).
Indeed,
E(Fo(F))

E(L(L™'F) - (F))
E(6(D(=L7'F)) - o(F))
E((Dp(F),-DL'F
(
(

~

)
E(¢(FY(DF,DL'F

p
#'(F)gr(F)),

where in the second equality we have used that 6(DX) = —LX for a random variable
X € D2, in the third equality we have used the duality relation between § and D, in
the fourth equality we have used the chain rule and in the last equality we applied the
definition of gp(F). Now, given B € B(R), we can approximate ¢(z) = [* 1p(z)dz
by C! functions and by the dominated convergence theorem and previous equality we
have

~

#)

E

E (F/F ]lB(z)dz) = E(1pgr(F)).

Now, if B has Lebesgue measure zero, then from the fact that gp(F) > 0 a.s. we have
that E(1pgr(F)) = 0 implies P(F € B) = 0 a.s. By Radon-Nikodym’s theorem, F
has a density.
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Let’s prove the converse implication. Assume F' has a density pr(z). Let ¢ : R — R
be a continuous function and let ® be a primitive function of ¢. Then,

E(p(F)gr(F)) =E(®(F)F)
:/be(zv)xpp(x)dx

_ /R o) ( / N zpp(z)dz> dr

5 ()

Hence,

gr(F) = /OO zpp(z)dz.

F
Since F' € D2 we know by [13] that supp pr = [a, 8] for —co0 < a < 3 < 0. Since F
has zero mean, it has to be a < 0 and 3 > 0. For every x € («, ), we define

G(z) = / " pr(2)dz.

This functions is differentiable almost everywhere in («, 8) with derivative —app(x).
On the other hand,

(7.1) G(z) = pr(z)gr(z).
We are lead therefore to the following ode:
G'(v) x
Glz)  gr(a)
Hence,

log G(z) = log G(0) — /O ' QFL(Z)dz.

Taking exponentials in both sides and taking into account that 2G(0) = E(|F|) we

have
6l0) = gEFhe (- [* = a:)
x) == xp | — z ).
2 o gr(2)
Now, from equation (7.1)), we deduce that

)= i (- ™)

As a corollary, we deduce a method to find bounds on density functions:

Corollary 7.2. If there exist 0,in, Omaz > 0 such that
Ormin < gp(F) < 0}

max?



66

then F' has density function satisfying

BUFD o (_zx; >spF<x>sE(lF|)eXP (‘ : )

202 in 202 202

max min max

Computing (DF, DL™'F)4, is still a non-trivial issue. However, if F' is a solution to
an SDE driven by a Gaussian process that can be identified with an isonormal process
we can find methods to compute gp(x).

Concerning our case, let BY be a fractional Brownian motion with Hurst parameter
H > 1/2. As an abuse of notation, we will denote by B the isonormal process
asociated to H. A way of computing gp(x) is the following:

Proposition 7.3. Assume DF = ®p(BY) for a measurable function ®p : R?* — H.
Then, we have

(DF,DL™'F)y = / e (dp(BY), E (@F(e’GBH +v1-— e*2GBH')))Hd€
0
and, therefore,
9r(F) = [ B ((@a(B") @xle B + V1= HET )| F) o,
0

where B! stands for an independent copy of BY such that BY and B™' are defined in
the probability space (2 x Q' F @ F', P x P'), E' denotes the expectation with respect
to P' and IE denotes the expectation with respect to P x P'.

In general, finding bounds for the density of stochastic differential equations driven
by a fractional Brownian motion is a hard problem. In this section, we give an example
on how to apply this method for SDEs where the diffusion term is deterministic.

Theorem 7.4. Consider the following SDE

t t
Xt:x0+/ an3§+/ b(s, X,)ds,
0 0

where b satisfies (Hy), 0 : [0,T] — R is a deterministic function satisfying (Hs) and
moreover is (A, A)-elliptic, that is, there exists two constants 0 < A\ < A such that
A <|oy| <A forallt > 0. Then, the density function p,(x) of X; satisfies

E(X—md) o (——(w - mt)Q) < pi(x) < E(Xe —ml) (——(x - mt)2) ,

2221 22421 2 220 2A2¢2H
where m; = E(X;).

Proof. A first comment is that, from the hypothesis of the theorem, the existence of
pi(z) is ensured. A second comment is that we we can assume without loss of generality
that A < oy < A. Indeed, if o, < 0 then we can consider —B* as a driving noise, which
is still a fractional Brownian motion of Hurst parameter H > 1/2. The last comment is
that if we want to apply theorem[7.IJand corollary[7.2], we need that the random variable
we study is centered. This is not a problem, since we can consider the random variable
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F = X, — E(X;) (which is centered) and, since E(X;) is deterministic, DF = DXj.
Let’s first study the Malliavin derivative of X;. Since o is deterministic, we have for
every s < t,

t t
DX, :05—}-/ J:LDsaudBf—l—/ 0:b(u, X)) D X, du

t
—as+/ O0xb(u, X)) Ds X, du.

This equation has an explicit solution given by

¢
D, X, = osexp </ (‘Lb(u,Xu)du)

From hypothesis (H,), we know that there exists a constant C' such that

t
e =9 < exp (/ 0.b(u, Xu)du> < Clt=9),

Moreover, from the fact that ¢, s € [0,7] and s < ¢, we have

t
e T < exp (/ 0.b(u, Xu)du> < T,
Using now the ellipticity condition on oy, we find that
Ne T < DX, < AT,

which is a lower and upper bound for D,X; that is uniform in s and w. Hence, for
every s < t it also holds that

Ae T < DX < AT
for every 6 > 0 where
Fow,) = Flew+ V1 — e 24).
Now, using that for every ¢, € H,

T T
(o, V)n = / / Quthy|u — v 2 dudo,
0 0

we have that

() = [ B (8 [(DF, DF)l])
:/00 e 'R (E/ [(DXt,DXf>H|FD df

[e¢) t t
- / e E (E { / / Dy XDy X! Ju — v|2H—2dudv|FD do.
0 0 JO

We now recall the following facts:

(i) \2672CT < D X, D, X? < N2e2CT
(i) [ [ |u—v[*P2dudv = ayt®?,
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(i1i) [, e ?do = 1.

2C

With this information, one can readily check that naming ¢; = age 27 and ¢y =

OZH€2CT

AN PP < gp(F) < coh* 7
By corollary [7.2] we then deduce that F' = X; — E(X;) has a density function pp(z)

and, moreover, for every z in the support of pr(z) we have
E(|F]) x’ E(F]) x’
(72) 2A2t2H exp —W S pF(x) < exXp —W .

Now, in order to deduce the bound for p;(z) we use the formula for the density function
of a change of variables. Notice that X; = h(F) where h(z) = z+m; and m; = E(X;).
Hence, h™!(z) = 2 — m; and |[(h™!)(x)| = 1. Then, the density of X is

pi(x) = pr(h™'(x)) = pr(z — my).
Thus, going back to (7.2) with F' = X; — m; we find

E(|X: —mi) exp (_(J/‘ - mt)Q) < pilz) < E(| X —m) exp (_(37 - mt)Q)

2A2¢2H 2\2¢2H 2\2¢2H 2A2¢2H
as desired. O

8. FURTHER WORK AND OPEN PROBLEMS: (GAUSSIAN BOUNDS FOR STOCHASTIC
DELAY DIFFERENTIAL EQUATIONS

As I mentioned in the introduction, my advisor Carles and me tried to follow the
lines of [I], [I5] and [I0] in order to get lower bounds for the density of stochastic
delay differential equations. We made a good progress, but we weren’t able to show
the desired final result due to some mistakes in the paper [I] that one of the authors
pointed out when we contacted him. This section is a compilation of results we managed
to prove and some results that we conjecture to be true but we haven’t done a proof
yet. My advisor and me are currently working on this problem.

8.1. Stochastic Delay Differential Equations. This section is devoted to the study
of a particular family of SDEs. Consider a fractional Brownian motion B of Hurst pa-
rameter H > 1/2. Consider also a real constant r > 0. A Stochastic Delay Differential
Equation (SDDE) is an equation of the form

8.1) Xy =m0+ [y o(Xer)dBT + [b(X,)ds, te€[0,T],
. X =y, t € [-r0).

Where n € C(|—r,0]). In general, SDDEs appear biological evolution models and it
is also a good model for rough volatilities in the financial context (see [6]). In this
project, we will cover briefly the problem of existence and uniqueness of solutions, as
well as the problem of existence of a density function of the solution. However, we will
put our focus on giving bounds on this density function (when it exists).
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8.1.1. Euxistence and uniqueness of solutions. Absolute continuity of the solutions. The
fact that we have a delayed difussion term allows us to do an induction argument.
Indeed, we will prove that there exists a solution in each interval [kr, (k + 1)r], kK > 0
and, in each of this intervals, we will use that in the diffusion term we deal with the
solution found for the previous interval. This strategy of inductively finding a solution
allows us to reduce the regularity. The existence and uniqueness of solutions relies on
the following result:

Theorem 8.1. Assume o and b satisfy (Hy) and (Hy) respectively with p = 1/ and
0<a<1/2AB. Let g e Wy “(—r,T). Then, there exists a unique solution to
equation

(8.2) {$t ="+ f(f o(zs—r)dgs + fot blaa)ds 1€ (0,71,

Ty =1 te[-r0).

Moreover, the solution x belongs to W;"°(0,T).

Proof. The proof goes through similar lines as the proof of theorem [5.2] The full proof
is a simplified version of the one in [7]. O

As it was discussed, if u = {u;t € [0,T]} is a stochastic process whose trajectories
belong to Wi (0,T) then the integral

T
/ u,dBY
0

exists pathwise in the generalized Stieltjes sense, and the paths of the integral process
are Holder continuous of order 1 — . Hence, we can apply theorem to conclude
that there exists a unique Holder continuous solution to equation (8.1)).

The next objective is studying the Malliavin regularity of the solution to equation
(8.1). Notice that the hypothesis needed to prove that the delayed equation has a
unique solutions are no different than the hypothesis recquired to proof theorem 5.2
However, under less conditions we can prove that the solution has a density.

Theorem 8.2. Assume a,b € C}(R) and n € C*=*(—r,0). Set X the solution of (8.1)
and assume o > 0. Then, for any t € (0,T], the law of X; is absolutely continuous
with respect to the Lebesgue measure.

Proof. The proof is an adaptation of the more complex result in [2]. O
Our main objective will be using conditional Malliavin calculus tools in order to give

bounds on the density of the solution to equation (8.1 under a bit stronger conditions
than in theorem [8.2]

8.2. Gaussian Bounds for the Density of SDDE. The main result that we wanted
to prove is the following:
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Conjecture 8.3. Assume 0,0 € C;°(R) and n € C'~%(—r,0). Assume that o is (A, A)-
elliptic, that is, there exists two real constants 0 < A < A such that A < |o(z)] < A.
Then, there exists constants c1,ca > 0 such that for all ¢ € (0, 7], the solution of the
equation has a density function p,(z) satisfying

c co(x — my)?
(8-3) t_llf exp <—%) < pi(),
where m; = E(X}).

8.2.1. The caset € [0,r]. The strategy we use to prove this result depends on the time
interval we are studying. First, in order to treat the case t € [0,7], we will use the
same approach as in theorem [7.4] The result for this time interval is the following:

Proposition 8.4. Let X be the solution (8.1) with o,b satisfying the hypothesis of the
theorem[8.2 If o is (A, A)-elliptic, then for any t € (0,7], the density function py(x) of
X, satisfies

E(|X: — E(Xy)]) exp (_w) <py(x)

IN242H IN2t2H

E(|X; — BE(Xy)]) (r — B(X)))?
=7 oxpn P (‘W) |

Proof. We will aply the method recently introduced. Recall that for ¢ € (0, ], X; solves
the equation

X, =mno+ /Ota(?y(s —7))dBY + /Otb(Xs)ds.

Hence, the Malliavin derivative of X; in the direction s < t satisfies
DXy =0o(n(s—r)) + /t o' (n(u —7r))Dgn(u — r)dB,! + /t V' (Xu)Ds Xy du.
0 0
Since 7 is deterministic, Dyn(u — ) = 0, so the equation satisfied by D,X; reduces to
DX, =o(n(s—r)) + /t V' (X,)Ds X, du.
0

This is an ode with initial condition o(n(s—7)), so the explicit solution to this equation
is

DX, = o(n(s — 1)) exp < / t b’(Xu)du) |

0

Moreover, from the fact that |[b'(X,)| < ||V/||r~ and the ellipticity condition on ¢ we
deduce that

(8.4) Ae ™M < DX, < AeMT

The imortant conclusion of this bound is that that (8.4]) holds uniformly with respect to
w. From theorem we have X, € D%2, so we will apply the method to the random
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variable F' = X, — E(X;). Notice that since F(X;) is a real number, DF = DX;.
Moreover, recall that if ¢, ¢ € H, then

T T
(p,V)n = / / |ul[U] [t — v[* ~2dudv
o Jo

If we define F? := F(e™%w + V1 — e~ 2w') we can write gr as

o] t t
gr(F) = / e 'E [E ( / / Dy XD, X! u — v|2H2dudv|F>] do
0 0o Jo

using the bounds (8.4) we can easily find that
)\2t2H 5 gF(F) 5 A2t2H

One can also check that O(\t) < E(|X; — E(X;)|) < O(At), so the lower bound is
consistent with equation ([8.3)). O

Repeating the same strategy for the intervals [kr, (k4 1)r] turns out to be inefficient.
Let’s check for example the interval [r, 2r| to illustrate the problem. In this interval of
times, the Malliavin derivative satisfies the equation

t t
DX, = o(X,_,) + / o' (Xu_y)DsXu_pydBH + / V(X)) DsXodu,

r4+s S

which has an explicit solution

t t
D. X, = (U(XS_,,) +/ g/(Xu_,,)DSXu_TdBf) exp (/ b’(Xu)du> .

+s

The exponential term can be easily bounded by

t
e_Hb’HLoor S exp (/ H(Xu)dU) S €Hb’HL00r‘

s

However, the lack of information on the sign of ¢’ and the impossibility to give a
uniform lower bound for B¥ makes it difficult to use the method that we have been
using until now. We need therefore to change the strategy.

8.2.2. The case t > r. Inspired by [I], [10], and [15] we will make use of the represen-
tation of the density of X; given by the following proposition:

Proposition 8.5. If o, b € C;°(R) and o satisfies is (A, A)-elliptic, then the solution
X; is a non-degenerate random variable for all t € (0,T)] in the sense that

(i) X; € D*.

(ii) || DX¢||% > 0 almost surely and || DX||3;' € y>1 LP(€2).

In particular, the density of X; admits the representation pi(x) = E(6,(X}:)) where 0,
stands for the Dirac delta measure at the point x.
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Notice that if X, is non-degenerate random variable, then X, satisfies the hypothesis
of proposition [8.4] Hence, the bound still holds in this new setting. For ¢ € [r, T}, the
analysis of the density ps(x) relies on the analysis of the quantity F(d,(X;)), which
will be done by evaluating the conditional densities of an approximating sequence
{F,;0 < n < N} such that Fiy = X;. To do so, we will construct a sequence of
partitions 7y = {r =ty < --- < ty = t} and associated random variables F,, € F;, .
We define the random variables F,, in an iterative way as follows: Since we want
Fy = X;, we have to define

tN tN
Fn =g +/ o(X,_,)dB" + / b(X,)ds.
0 0
Moreover, we would also like that, for all n > 0,
Fn: n—1+]n+Rna

where I,, is a random variable that is Gaussian when conditioned to F;
the remainder term. Hence, we define

tn tn
I, = / o(X,_,)dBY I, = / b(X,)ds.
0 0

In order to bound from below quantities related to the Holder norm of the fractional
Brownian motion and some Malliavin derivatives that will appear, we will make use of
some bump functions. For any p,~ > 0, we define the functionals

BH BH 2p
BH / / | 5 | ————dudw.
th—1 U _'14 7p+2

This functionals control the Holder norms of the fractional Brownian motion in the
following way:

and R,, is

n—1

Proposition 8.6. Let H > 1/2 and p such that 0 < v < H — 2Lp‘ Then,
1/2
1B lertn-rstnl) < Cop [Ny, (BT
Proof. See for instance [§]. O

Now, for any M,e > 0 we introduce the family of bump functions ®,,. : Ry —
R, which are regularizations of 1,<an(x). They are any smooth function such that
Qpre(z) =0ifx > M+ecand @y (z) = 1if 2 € [0, M —¢). For a specific construction,
see for example [I]. If ¢ = 1, we will simply write ®,;.

The first localization we will take into account is ®y; := ®p (N7 ,(B”)) and M is
an arbitrairly big positive constant. The other important localization is going to be

q)cn,an = (I)cn,an (HDRnH?H[tnthn]) )

for some constants ¢, &, of the form

A [t
(8.5) Cn = Z/ K(t,s)?ds, e, =2,
tn—1
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where
tn tn
ol 0y = an / / oulloulli — vPA~2dudy,
tn—1 tn—1

This constants are chosen in a convenient way and the importance of this choice will
be visible later on. In order to streamline the notation, we set

Ey() == E(|F).

Since, for every n > 0, E(0,.(F,)) = E[E:, ,(0.(F,))], we will give bounds for E; _,(0,(F,))
and we will then conclude (8.3) by applying expectations. Notice that

By, (0:(Fn)) = Ei, 1 [0:(Fn))(1 = PurPe, )] + By 1 [0:(F) P Pe, ]
and since 0 < &P, . <1, we conclude
E:, (0:(F,)) > By, [0:(Fn)PmPe, |-
Now, we have that F,, = F,,_1 + I, + R,,, so using Taylor we have
Ei, [0:(F)Pm®e, c] = Jin + Jon + J5n

where
(8.6) Jin = Er, [0.(Foo1 + 1)),
(8.7) Jom = Er, [0:(Fre1 + 1,)(PyPe, o, — 1)),
1 q
(88) Jg’n = Etn_l[q)McI)cn,sn / %51(}?”,1 + [n + pRn)Rndp]
0

The idea is showing that the main contribution comes from J; ,, while |J;,| and
|J3.,| will tend to 0 as N — oo. If we are able to prove that, then because

Etnfl[éx(Fn)] 2 Jl,n - ‘J2,n| - ’JB,n‘y

we will be able to proof the lower bound. In order to get bound for this quantities, we
need some notions of conditional Malliavin calculus.

Definition 8.7. For any F' random variable and t € [0, T}, let ||F||gps and ' be the
quantities defined by

k 1/p
(8.9) 1F lepe = | EFIP) + D EIDFly 60|
j=1
and
(8.10) Cre = || DF| By

Another key property is the conditional integration by parts formula that we find
in [I0] and the authors in [I] have adapted to a setting suitable for our purposes.
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Proposition 8.8. Suppose F' is a non-degenerate random variable, let Z € D> be an
Fs-measurable random variable such that F' + Z is a non-degenerate random variable
and let G € D*° such that F'+ Z. Then, for any function g € C;O(R) (i.e. g is smooth
and g, together with all its partial derivatives, have at most polynomial growth) then
there exists a random variable H1y(F,G) such that

Elg'(F + 2)G] = E[g(F + Z)H},)(F, G)],
and, for qi,qs,q3 such that % = qil + q% + qis then the following estimate holds:

_ 2 1
1HE ) (F, O)lps < I8 31 gy o[ F 12 2 s Gl s

Let’s start with the bound for J; ,,.
Proposition 8.9. Let J;, be defined as . Then, if the partition 7y is such that

)2H

tiy1 —t; <r and fti”_l K(t,5)%ds = ag ==

g2
=: o0y, then

1 (LL’ - Fn—1)2
——exp | ————— | .
V2mA%0%; P 20203,
Proof. We need to find the conditional density of F,,_; + I,, with respect to F;, _,. On

the one hand, F,,_; is J;,_,-measurable, so it behaves like a constant. On the other
hand, recall that

Jl,n 2

tn

I, = / o(X,_,)dBX.
tn—1

from the fact that ¢, ; — t, = 0% < r, we have that o(X,_,) is F;,_, measurable for

all s € [t,—1,t,). If we name f(s —r) = E;, _ [0(Xs—,)] then we have that F,,_ + [,

when conditioned to F; _, follows a Normal distribution with mean F;,_; and variance

If(-— r)Hg{[tnihtn}. Moreover, from the fact that

Noj G =) g,y < Aoy,

1 —F, 1)?
Jon > b e (S ET)
7 27TA20']2V 2\20%,

as wanted. O

we conclude that

The proof of this proposition recquires some conditions on the partition. The next
lemma ensures that this partition exists:

Lemma 8.10. Let ty, ...ty be the partition of [r,t] satisfying the conditions of propo-
sition[8.4. Then:

1. The partition is constructed in a unique way.

2. We have 0 <t —t, < ey N~1/2H
At—r)2H

3. The constants ¢, are ag=—/x

The proof of this lemma is omitted, but it’s a mater of computations and estimations
based on K (t,s). Our next objective is bounding |J2,|.
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Proposition 8.11. Let Jy,, be defined as in (8.7). Then, there exists positive constants
cxa, ki, p1oand a real constant k, all of them independent of N, such that

‘JZ,TL‘ S C)MA(O—]ZV)ICL;YL:?V(khpl)?
where
L:L:IZ)V(kl’pﬁ = Hl - (I)M(I)cn,ankl,m,tnfr

Proof. By the conditional integration by parts formula of the Malliavin calculus, we
have

’ngl = )Etn—l []an_1+In>xH€;)’1 (Ina 1 - q)Mq)cn,an):| ‘ .
Moreover, by [I3] we have that there exists constants k;, p; = 1,...,4 such that

‘Etn,l [1Fn,1+ln>a:H(t;)71(In7 1- q)Mq)cn,sn)} ‘

- k k

=) A Y |1 | S [ Rt VR S PSP
Since, by definition, L% (k1,p1) = [|1 — Py Pe,, e ||k1 p1 b1, We only need to bound the
first two terms. Recall that I’y ; , = ||D]n||3{[tn_1 1]- oince we know the explicit
expression of I, it is rather direct to check that, for all s € [t,,_1, t,],

tn

D.I, = o(Xs_,) + / o'( Xy r)D X, ,dB? = 5(X,_,),
tn—1

because D, X,_, = 0 due to the fact that s > u —r. Moreover, this implies that all the

derivatives of order greater than 2 vanish. From here we deduce that

)‘20]2V < FInytnfl < A20]2V’
1
X032,
using the conditional Gaussianity of [, and the information we extracted from the
derivatives that

and therefore F;nltn_l < Concerning the Malliavin norm of [,,. we can conclude,

[l < CoRA?)™/2,

ka,p2,tn—1 —
-1 k3 2 2\ ks
||1—‘In7tn—1||p37tn71 S ()\ UN) :
These two estimates prove the statement. O

This last proposition suggests that we should give a bound on L% (ki,p1). The
bound on this functional relies on the following statement:

Proposition 8.12. Consider v € (1/2,H) and ky,p1 > 1. Let L)\ (k1,p1) be the

random variable defined as in proposition . Then, for any p > %, v > 0 such that
2p(H —7) — 2 > k1 H, the following holds true: For any o > 0 there exists a positive
constant ¢ independent of N such that

E(LyN (k1 p1)) < eN™°
The constant ¢ depends on p, ki,p1,v, H, M and c.

Proof. See [1] O



76

Hence, with this two propositions we have that for a § > 0 big enough, |Ja,| <
cN~P. Our aim now is showing a similar estimate for |Js,|. Recall that

1
d
J3n = Er,_, [(I)Mq)cn,sn / a(sz(Fn—l + I, + pRn>Rndp]'
0

We introduce a new random variable defined by oyU, = I, + pR,. Hence, J3, can
now be written as

L q
JS,n = Etn_1 |:(I)M(I)cn,€n / §m<Fn71 + UNUn)Rndp:| .
o dz

Integration by parts formula now yields

1
J3,’Vl = 0-]:[2/ Etnfl |:]l{1n+pRn>I7Fn—1}HZ{f)_l(Un’ Rn¢M®CTL7ETL):| dp
0

This last expression can be bounded as follows

1
o] < con? A, / As(p) As(p)dp,
0

where
Al = HR (I)MHkl,phtn 15

( ) - || Untn 1 cbcn:€7l||z73,n 17
and
As(p) = 1U.@ar[[5} o,
The idea is to first bound A;. We tried to follow a similar strategy as in [I], but we

contacted one of the authors and he said that there were mistakes in the proof of the
bound for A;. The result we wanted to get is something of the form:

Conjecture 8.13. In this setting,
HRN(I)M'Hk17p1,tn—1 < O(N_H)

for some k > 0.

Even though we weren’t able to prove this result, we can still give some bounds for
the other terms:

Lemma 8.14. As(p) is uniformly bounded in N, p and w € SQ.

Proof. Recall that Ay(p) = ||y}, @@
have

Cmeanst . From the definition of U, we

DU, = ag,lD[n + a;,lDRn.
Hence, using that (z + y)* > 22/2 — y2 we have

UNHDU HH[tn L] 2 HD[ HH[tn 1itn] _/)HDRnH%[tn_l,tn]-

From the fact that 0 < p <1 we can make a rougher estimate

1
2 §‘|D[n|’3{[tn_1,tn] —IDRu| 316,y 0

0-]2\7||DUTL||3-L[tn_1,tn
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Now, using that

||D]n||7{[tn Litn] Z > \? UNa
we find that
No% -
FUnytn—lécnyan S 0-]2\7 ( 2N - HDITLH'?'[[tnl,tn}) ¢Cn75n'
Since we have localized HD[nH%{[tn,l,tn} by &, ., with ¢, = @ and g, = % we

conclude that

1 2 2
FUn,tn 1(Dcn75n < Coyoy

for some constant C' > 0. Since this quantity is uniformly bounded, we can apply
Holder’s inequality to see that

|| Un,tn 1 ¢Cn75n||p3 th—1 — ||F_n 7 1®Cn,8n||p4 tn— 1||®M||p5 tn—1"

And, by the previous computations, this quantity is uniformly bounded in N, p and

w. 0
The following result relies on the conjecture [8.13

Lemma 8.15. A3(p) is uniformly bounded in N, p and w € €.

Proof. Recall that Asz(p) = ||Un¢M/||Z;l,p2,tn_1' From the definition of U,, we have, by

triangular inequality,

NUn®ar k2 oty < NI ®oasr |k po,toy + B @ar [k oty
For the first term, apply Holder’s inequality to get

||]n¢M’||k27p2,tnf1 < ||In||k27p3,tn71 | |¢)M’||k27p4,tn71'
With a proof of conjecture [8.13] one can finish the proof of this result. O

The final objective is ending up with something of the form
|[Jsn| < O(NT?)

for some o > 0. Once this result is proved, we can give a proof of conjecture in the
same way as in [I].
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